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OVERHEAD CONTACT SYSTEMS, CONSTRUCTION 
AND COSTS 

PART I 


BY E. J. AMBERG 


Abstract of Paper 

This paper, written with special reference to the New Haven 
electrification, gives a brief analysis of the systems and points 
to be considered in equipping trunk lines with overhead catenary 
construction. The paper is subdivided into five parts, viz: 
catenary systems, supporting structures, sectionalization, special 
construction and cost data. 

Under “ Catenary Systems ” a short description is given of 
the various types used on the New Haven, stating the conditions 
for which each is best adapted. 

The same applies to the supporting structures and sectionali¬ 
zation. 

Under “ Special Construction ” only the cross-overs and river 
crossings have been considered more fully, while other special 
work has only been mentioned, as it was not within the scope of 
this paper to go into the details of construction. 

With reference to the cost data: It should be borne^ in 
mind that the figures given apply to the New Haven construction 
which was installed in the section with greatest traffic density, 
also through thickly settled communities. Therefore, the figures 
given will be of little value for comparison or estimating unless 
these conditions are equated. 


T HIS SECTION of the paper is written with special reference 
to the electrification of the New York, New Haven & 
Hartford Railroad between New York and New Haven, the 
New York, Westchester & Boston Railway, and of the Hoosac 
Tunnel section of the Boston & Maine Railroad; the writer 
having been closely associated with this work under the direction 
of Mr. W. S. Murray. 

The N. Y., N.H. & H. R. R. section covers an entire engine 
district consisting of 75 route miles of four and six-track main 
line; six route miles of single track branch line; large freight yards, 
station sidings and industrial spurs. The New York West¬ 
chester & Boston Railway section consists of 17^ route miles 
of four and two-track main line with yards and sidings. The 
Boston & Maine Railroad section consists of eight route miles 
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lightning arresters of the spark-gap type would be adequate to 
prevent trouble from lightning; but theTprotection was in¬ 
sufficient, and electrolytic lightning arresters have now replaced 
them. The trouble from lightning has been reduced considerably 
but is still greater in this section than on any other part of the 
electrification. 

Compound Catenary . This was first developed and installed 
on the one-mile section at Glenbrook, Ct. The type was further 
developed and applied to the Harlem River Branch, the New 
York, Westchester & Boston and the section between Stamford 
and New Haven. It was considered desirable to install a 
grounded messenger over each track, which w r ould remove the 
live parts of the catenary from the trusses, eliminate lightning 
trouble and at the same time be used to keep the trolley wires 
nearly over the center line of track without the use of pull-off 
poles. The f-inch messenger is carried over the catenary 
bridges and is supported on cast iron saddles instead of insulators 
as in the double catenary type, and is thereby grounded to the 
bridges. These messengers, strung over each track, are con¬ 
nected at the quarter points of the spans by three-inch I-beams 
running across tracks. The suspension insulators are attached 
to these I beams for carrying the single catenary, which consists 
of a f-inch stranded steel messenger clamped to the insulators 
a 4/0 copper conductor supported from the strand by |-inch rod 
hangers every 10 ft., and a 4/0 steel contact wire fastened to 
the copper conductor by clips placed half way between the 
rod hangers. On curves the “ Murray ” hanger is used. This 
is clamped to the messenger and is held at a suitable angle by the 
acting forces. Fastened to the lower end is a duplex clip to 
hold the copper and steel trolley. Length and angle of hanger 
are adjusted so that the clips are true to line and the contact 
wire is held over the center of track. With this type of construc¬ 
tion it is possible to maintain 300-ft. spans on curves up to three 
degrees without pull-offs; for sharper curves it is necessary to 
shorten the spans. Even on reverse curves no difficulty has 
been experienced in keeping the contact wire in its proper 
location.- On curves above two degrees, the temperature has 
an influence on the alignment of the contact wire, requiring the 
use of pull-off spans between bridges. 

Single Catenary. In this construction the insulators are at¬ 
tached to the under-side of the trusses and the single catenary 
suspended from them. This also keeps the live wires of the 
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catenary below the steelwork. For tangent sections the 
bridges can be spaced 300 ft., but for curves this distance 
must be reduced unless pull-offs are used. Adequate lightning 
protection was secured by stringing ground wires on the feeder 
supports. 

Single catenary may be used both for main line and yard 
work. In yards the copper wire may be omitted for the reason 
that in the average yard the trolley wires have sufficient current 
carrying capacity, since several tracks are connected in multiple. 

To make the yard construction as light as possible, a f-inch 
messenger, 2/0 trolley and f-inch hangers were used, except for 
tracks with frequent movements; these were equipped with 
s-in. messenger, 4/0 trolley wire and f-inch rod hangers. 

Contact Wire. The steel trolley wire rusts considerably; this 
rust, is washed off by rain and drips onto coaches and loco¬ 
motives operating in the zone, making them unsightly and 
necessitating more frequent painting. Where frequent loco¬ 
motive movements are made, the under-side of the trolley 
wire is kept bright and presents a good collecting surface, but 
where locomotives are operated infrequently rust collects, 
causing increased sparking and burning of pantagraph shoes. 
In the Woodlawn-Stamford section the steel .trolley wire has 
been in service since 1907 and at points of greatest wear phono- 
electric trolley wire has been installed, with very satisfactory 
results. For future electrifications doubtless steel contact wire 
will be less used, although the difference in first cost is much 
in favor of it. 

Insulators. Insulation is a very important part of any cate¬ 
nary system, and the slight additional cost for insulators with 
a high factor of safety is good insurance. The types used on 
the New Haven electrification were all tested for 110,000 volts. 
The pin, suspension, and some of the strain insulators are of 
the porcelain type; other strain insulators are of wood. Tem¬ 
perature strains in porcelain insulators should be given most 
careful consideration, especially in the dead-end type. Failures 
have been caused by steam train operation in the electrified 
zone, break-downs being most frequent where clearance be¬ 
tween the locomotive stack and insulator is restricted, or where 
steam engines stopped under or near an insulator. Where 
clearances are restricted it is advisable to locate the insulators 
off the center line of track or to use two insulators in parallel, 
spaced several feet apart. In tunnels two insulators in series 



























PLATE LXXXV. 
A. I. E. E. 

VOL. XXXIV, 1915 



[amberg] 

Fig. 5—Catenary Construction for Large Yards 
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Fig. 6—Hoosac Tunnel Electrification Showing Light Catenary 
Bridges and Double Insulation in Tunnel 
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are advisable and this form was successfully used in the elec¬ 
trification of the Hoosac Tunnel; in this case each insulator 
was tested for 150,000 volts (Fig. 6). 

Supporting Structures 

The supporting structures can be divided into three classes; 
bridges, steel or wood poles with cross-spans, and poles with 
brackets. Choice of the supporting structure is governed by 
the load to be carried, number of tracks to be spanned, right- 
of-way available, factor of safety desired and other conditions. 
On the New York, New Haven & Hartford Railroad and New 
York, Westchester & Boston Railway systems the supporting 
structures for the main line tracks were designed not only to 
carry the catenary system, feeders and transmission lines, but 
also a signal over each track weighing 2400 lb. 

A bridge was the only structure which would fulfil the above 
conditions. On the New Haven electrification between Wood- 
lawn and Stamford the bridges are designed so that all over¬ 
turning moments were taken at the base, a feature which re¬ 
quired large foundations. The bridges for the Harlem River 
Branch, the New York, Westchester & Boston, and the main line 
between Stamford and New Haven, were designed to take the 
moments resulting from stresses acting across track in the 
corner connections between posts and truss. The foundations 
have only to resist the overturning moment along and the 
shear across track, making them much lighter than those first 
installed. The cost of the combined structure is materially 
reduced by having the steelwork carry the stresses. The 
height of the bridges is regulated so as to keep the contact 
wire 22 ft. above the top of rail, excepting at places where 
clearance is restricted. These bridges span six tracks on the 
Harlem River Branch, four tracks on the main line and a sec¬ 
tion of the New York Westchester & Boston, and two tracks 
on the New Rochelle and White Plains Branch of the N, Y. 
W. & B. Ry. Some special bridges span as many as ten tracks. 

The cross-span construction is especially well adapted where 
a large number of tracks are to be equipped with single cate¬ 
nary. This applies to main line as well as yards. The cross¬ 
span messenger is supported by poles, which may be either 
self-supporting or guyed. On the New Haven electrification 
most structures are self-supporting. The cross-span construc¬ 
tion was used in all yards and at certain points for main line 
work. 
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The cross-span messengers of f-inch or f-inch steel strands 
are supported by latticed steel poles in large, and by wooden 
poles in small yards. Pull-offs cannot be entirely avoided in 
yard work on account of sharp curves. The cross-span being 
a flexible support, makes necessary the use of steady strands 
to hold the catenary in its proper position over the tracks. 

Poles with Brackets. This type has been used for single- 
track sections and for station and industrial sidings. It is 
cheaper but not so reliable as the others, although suitable for 
the purpose. 150 ft. is about the longest span which can 
safely be used on tangents with wooden poles. 

Sectionalization 

It is necessary to sectionalize the contact system to locate 
trouble and to make repairs with the least interference to 
operation. Main line tracks should be sectionalized from each 
other and each should again be divided into sections. The 
sectionalizing points should preferably be at or adjacent to 
principal cross-overs, which are generally controlled from 
signal towers. There are always employees at such places, 
who may be charged with the small additional duties of opera¬ 
ting the electrical apparatus. To disconnect a defective section 
quickly, automatic oil circuit breakers are used. These breakers 
should be of ample size and staunch construction as they are 
subject to a severe service. The automatic opening of breakers 
is controlled by relays, with enough margin for adjustment to 
insure proper selection and sequence of operation. On the 
New Haven and the New York, Westchester & Boston Railway 
systems, the breakers are of the outdoor type mounted on sec¬ 
tionalizing bridges. This gives the shortest possible high- 
tension connection between buses, track catenaries, feeders 
and these circuit breakers. The switchboard, with the control 
switches and relays, is located in the signal tower. The con¬ 
nections between the board and the breakers are made by means 
of individual lead-covered cables. Under certain conditions a 
better layout can be obtained by placing indoor type circuit 
breakers in a building beside the track. Such an installation 
was made by the engineers of the New Haven when electrify¬ 
ing the Hoosac Tunnel of the B. & M. R. R. 

The actual break or gap in the track catenaries can be made 
in different ways. Two distinct types, however, with various 
modifications were used on the New Haven; one rigid, the other 
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flexible. The rigid type was a wood 
section insulator, which gives a very 
simple construction but produces an 
undesirable hard spot for high speed 
operation. By installing a movable 
approach to the wood section break, 
the effect of the hard spot is some¬ 
what reduced. The flexible wings 
shown on the wood section break 
(Fig. 8) are arranged to prevent an 
engine from getting stalled at that 
point. 

In the flexible type, air is used as 
an insulating medium; insulation is 
obtained by having the trolley wires 
of the two adjoining sections overlap, 
spaced about 18 inches apart, and 
then dead-ending each in opposite 
directions. 

Yard sectionalization is easily ar¬ 
ranged. On account of the slow move¬ 
ment of trains the wood section break 
can be used without movable ap¬ 
proach. Tracks do not have to be 
sectionalized individually but can be 
grouped; ladder tracks, however, 
should always be kept separate. The 
sectionalization of yards is largely de¬ 
termined by the manner in which the 
switching is done, and for that reason 
the local conditions should be care¬ 
fully studied in conjunction with the 
operating officials. 

The various yard sections are sup¬ 
plied from a feeder through discon¬ 
necting switches, and if the yard is 
sufficiently large it is advisable to 
arrange the feeder in loop form, 
placing an automatic circuit breaker 
at each end of the loop. The feeder 
should again be subdivided into several 
sections by disconnecting switches. 







COST PER MILE OF SINGLE TRACK, DOLLARS 


1466 


AMBERG: CONTACT SYSTEMS 


[July 1 


Special Construction 

This covers the work at cross-overs, river crossings, arrange¬ 
ments for joint use of the same overhead wire in yards and 
sidings by the 11,000 volt a-c. locomotives and the 600 volt d-c. 
trolleys at different times, grade crossings of 11,000 volts a.c. 
and 600 volts d-c., and many other problems which although 
of minor importance are links in the complete chain. 

Cross-overs are all equipped with a single catenary, omitting 
the 4/0 copper wire. Wherever possible, air sectionalization 
is used but there are a number of places where wood section 
breaks could not be avoided. Perfect alignment is necessary 
where main line and cross-over catenaries meet, and at these 



Fig. 10 —Cost of Compound Fig. 11 —Cost of Compound 

Catenary for Six-Track Section Catenary for Four-Track Section 


points deflectors are used to prevent the pantagraph shoe 
catching in the wires. 

The construction for river crossings presents unique studies. 
Of these crossings one is spanned by a drawbridge and the 
others by rolling lift bridges of various designs. On the lift 
bridges each pound of construction had to be compensated for 
in the counterweight, the total additional increase in weight 
being limited by the bridge foundations. The track, feeder 
and current-return circuits, three-phase transmission and signal 
lines, control and ground wires were carried across the rivers 
on high transmission towers; the United States Government 
specifying the minimum clearance between mean high water 
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and lowest point of wires over the channel, which varied between 
135 ft. and 165 ft. Excepting at one place, where towers were 
placed in the river on both sides of the bridge, these high towers 
are combined with the anchor bridges which take the dead-ends 
of the main line catenaries (Fig. 9). A light contact system is 
carried between the towers. 

Cost Data 

It is of little value to give costs without at the same time 
stating fully the exact conditions under which they have been 
obtained. The diversity of 
conditions on the New Haven 
and its allied lines has clearly 
shown that the cost per mile 
of single track may vary con¬ 
siderably. The information 
in the following diagrams and 
tables is intended to give an 
idea of the cost of the various 
types of construction under 
“ normal conditions ” met 
within this territory, and also 
show how this may vary 
under more difficult condi¬ 
tions. 

Catenary Construction. Figs. 

No. 10, 11 and 12 give the 
respective cost per mile of 
single track for compound 
catenary construction of the 
New Haven type for a six- 
track, four-track and two- 
track section, exclusive of 
feeders, transmission lines and sectionalization. 

Figs. No. 13 and 14 give the respective cost per mile of single 
track for single catenary construction of the New Haven type 
for four-track and two-track sections, exclusive of feeders, trans¬ 
mission lines and sectionalization. 

These curves apply to the following, normal conditions: 

(1) Foundations. The ground on both sides of the tracks 
is level; no piling or rock blasting necessary. 

(2 ) Bridges. To carry one catenary, one signal, one 4/0 
feeder per track; duplicate 4/0 three-phase lines; duplicate 



Fig. 12 —Cost of Compound 
Catenary for Two-Track'Section 


1468 


A MB ERG: CONTACT SYSTEMS 


[July 1 


signal lines, each consisting of two No. 3 control wires and two 
f-inch steel ground wires. No bridge to span more than the 
standard number of tracks nor carry additional load, such as 
yard cross-spans, brackets, etc. None of the feeder supports 
to be moved in from the posts to the trusses. 

(3) Labor and Work train conditions for installation of Cate¬ 
nary. Gangs and worktrains occupying tracks assigned for con¬ 
struction purposes to be allowed reasonable freedom from inter¬ 
ruption. 

Table I shows*the different items which make up the total 



labor and worktrain cost for catenary erection and the per¬ 
cent of each. 

For items Nos. 2, 3, 4, 5, 6 and 9 the time paid is about twice 
the actual working time even under the above assumed “ normal 
conditions.” The lost time is spent on sidings clearing for im¬ 
portant trains and on the trips between headquarters and work¬ 
ing points. 

Item 7 is high due to the fact that much assorting and as¬ 
sembling of material was done at the storeroom. 

(4) Catenary Material . Table II shows in per cent the dif¬ 
ferent items making up the cost of catenary material. The 
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item of catenary material is not inclusive for special work, 
such as cross-overs, sidings, sectionalizing, nor does it include 
the dead-ends for the catenaries, which latter are included in 
the cost for sectionalizing. 

Variation in Cost. Table II gives an idea of the increased 
cost when applied to difficult sections. 

Sectionalization. The costs given in Table IV apply to stand- 

TABLE I, 

LABOR AND WORKTRAIN FOR ERECTION OF CATENARY 
Table giving distribution of labor and worktrain service in per cent. 


(1) Pulling out Y strands. 4.8 per cent* 

(2) Locating saddles; spreading and sagging Y strands. 7.9 per cent* 

(3) Putting up I beams with insulators attached. 6.3 per cent. 

(4) Pulling out Y messenger; 4/0 copper and 4/0 steel wire. 6.7 per centf 

(5) Clipping in. 25.2 per cent 

(6) Final adjustment. 4.8 per cent 

(7) Storeroom. 18.9 per centf 

(8) Painting Y messenger. 13.3 per cent 

(9) Painting Y catenary (except 4/0 wires). 13.0 per cent 


_ Total labor and worktrain for erecting compound c atenary...100.0 per cent 

*Can be omitted for single catenary. 
fCan be partly omitted for single catenary. 

Relation of compound to single catenary is 100 to 64.1 


TABLE II. 

CATENARY MATERIAL 
Table giving distribution of material in per cent. 


(1) f* grounded steel messenger. 26.2 per cent* 

(2) Saddles complete. 1.6 per cent* 

(3) 3* I beams with fittings. 7.4 per cent* 

(4) Suspension insulators complete. 8.2 per cent 

(5) Y messenger. 15.7 per cent 

(6) 4/0 copper wire. 21.6 per cent 

(7) 4/0 steel trolley wire. 8.5 per cent 

(8) Y hangers complete. 6.0 per cent 

(9) Duplex clips between copper and steel wires. 0.7 per cent 

(10) Bolts, etc. 4.1 per cent 


_ Total for compound catenary, exclusive of dead end s.100.0 per cent 

*Can be omitted for single catenary. 

Relation of compound to single catenary is 100 to 64.8 


ard sectionalizing bridges as used on the New Haven Road. 
(Costs for outdoor substations not included.) 

Feeder and Transmission Lines. Costs for feeder and trans¬ 
mission lines have not been included in the tables, since these 
present no new features excepting such as arise from the con¬ 
ditions under which the wires were strung. The erection cost 
varies from $20.00 to $50.00 per mile of wire. 
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Yard Construction. In large yards of regular layout the total 
cost can be as low as $3000,00 per mile of single track, inclusive 
of sectionalization and feeders. In small yards with short 
tracks and irregular layout the cost will be necessarily increased. 
Much depends on the importance of the yard and the factor 

TABLE III. 

Table to show variation in total cost and cost of different parts, due to local conditions. 

(1) Fairly regular layout; very few curves; some piling under foundations; sections of 
relatively new fill requiring large foundations. 

(2) 25 per cent curves; restricted right-of-way for a considerable distance, making it 
necessary to move feeder supports in, thus increasing the stresses on the bridges; yard 
cross-spans attached to many bridges, some bridges spanning more than standard number 
of tracks. 

(3) 32 per cent curves; some piling under foundations; fills requiring large foundations; 
cuts where rock blasting was necessary for the foundations; a number of bridges carrying 
yard cross-spans. 



Total cost per 
mile of single 
track of com¬ 
pound catenary, 
exclusive of sec- 
tionalization 
and feeders 

Number 

of 

tracks 

Cost 

of 

foundations 

in 

per cent 

Cost 

of 

catenary 

bridges 

in 

per cent. 

Cost 

of 

catenary 

constm. 

in 

per cent. 

1 

$8,000.00 

4 

26 per cent 

36 per cent 

38 per cent 

2 

11,000.00 

4 

20 per cent 

47 per cent 

33 per cent 

3 

11,000.00 

6 

29 per cent 

39.5 per cent 

31.5 per cent 


TABLE IV. 

COST FOR STANDARD SECTIONALIZING BRIDGE 



Compound catenary. 

Single catenary 

6-Track 

4-Track 

2-Track 

4-Track 

2-Track 

Foundations. 

$2,000. 

1,720. 

960. 

960. 

620. 

Steel work. 

2,600. 

1,760. 

1,000. 

1,360. 

720. 

Electrical apparatus. 

11,500. 

10,000. 

7,000. 

10,000. 

7000. 

Sectionalization. 

750. 

500. 

250. 

.| 

500. 

250. 

Total. 

$16,850. 

13,980. 

9,210. 

12,820. 

8590. 


of safety used. For favorable conditions the costs may be 


approximated as follows: 

Foundations installed. $ 700.00 

Supporting Structures erected. 800.00 

Catenary Material. 1000.00 

Labor & Worktrain Service. 500.00 


Total per mile of single track 


$3000.00 
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CONSTRUCTION, MAINTENANCE AND COST OF 
OVERHEAD CONTACT SYSTEMS 

Part II— Catenary Construction 


BY F. ZOGBAUM 


Abstract of Paper 

This paper is designed to give a general review of the problems 
involved in the maintenance and the cost of an overhead con¬ 
tact system of the catenary type, carrying high-voltage pro¬ 
pulsion currents. The paper includes not only the contact 
system itself, but the transmission lines which form an integral 
part of the same. The subject treated is the catenary con¬ 
struction on the New York, Westchester & Boston Railway, 
which is purely an electrical line, having no steam whatever. 
Several points will be brought out, such as the method of main¬ 
tenance, the organization of the maintenance forces, the effi¬ 
ciency of insulation and oth,er points which may be used in 
comparison and in discussion. 


O NE OF the most important matters pertaining to the 
maintenance of an overhead catenary system is the 
inspection of the contact wires and the transmission system, 
in order that possible failures may be forestalled, so that de¬ 
fects may be discovered and failures prevented. During such 
an inspection it is important always to note the condition of 
the contact wire with reference to its position to the track, and 
at all times to keep the wire as near the center of the track as 
possible. 

Although on some other roads it has been found advisable to 
stagger the contact wire in order to get the maximum wear on 
pantagraph shoes, it will be seen from figures that are presented 
here, that it has not been found necessary in the case of this 
system to stagger the contact wire to the advantage of panta¬ 
graph shoe wear. In noting the position of the contact wire 
with reference to the track it is essential always to allow for the 
swaying movement of the locomotive or car carrying the panta¬ 
graph. This is especially important on curves, as trains run¬ 
ning at high speed on curves of any sharpness over one degree, 
will naturally swing the pantagraph towards the outside of the 

1471 
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curve, making it necessary to have the contact wire outside 
of the center line of the track, whereas on tangents the wire 
is kept as nearly as possible directly over the center of the 
track. 

The line of the New York, Westchester & Boston Railway, 
the catenary system of which is treated herein, consists of 
54.26 miles of contact wire and 181.29 miles of transmission 
lines, which include signal feeders and control line, or 109.17 
miles of transmission lines for traction power only. The 54.26 
miles of contact wire is suspended over 30 per cent curve track 
and 70 per cent tangent track, so that practically the only 
adjustment necessary is on 30 per cent of the road, as the tangent 
contact wire remains in relatively the same position through¬ 
out the year, while the curve contact wire needs slight adjust¬ 
ments from time to time. Included in the catenary system are 
six sectionalizing or anchor bridges and 77 high-tension oil 
circuit breakers, which are used for sectionalizing the high- 
tension power. Also, it is considered on this line that the 
signal transmission lines are included in the electrical distri¬ 
bution or catenary system. 

Organization 

The organization for maintenance of the catenary and trans¬ 
mission system is known as the electrical department and in¬ 
cludes, not only the maintenance of the contact system, trans¬ 
mission system, signal transmission system, signal transformers 
and station lighting, and elevator transformers, station elevators 
and lighting systems, but also takes care of such construction 
work as may come up from time to time. The electrical de¬ 
partment is headed by the engineer of maintenance, to whom 
the general electrical foreman reports direct. The general 
electrical foreman has under him, one day foreman and one 
night foreman, five linemen and one assistant lineman. The 
day foreman, three linemen and assistant lineman cover the 
entire system, the majority of the time without special work 
train, and make repairs on practically all the apparatus as 
mentioned, except the contact system or parts of the trans¬ 
mission system, which cannot be taken out of service during the 
day. The night foreman and two linemen cover the entire 
line and use a work train in inspecting and repairing the con¬ 
tact system. The work train consists of one gasoline-electric 
locomotive and work car. The gasoline locomotive contains 
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the working platform from which repairs are done to the con¬ 
tact system. Erected on the wofk car is a pantagraph collector, 
identical with those used on the regular coaches and locomotives. 
Also on the work car is an electric searchlight, which is used 
in inspection as well as when making repairs. 

Inspection Methods 

During the day time, approximately once each month, the 
contact system is given a general inspection from the head end 

New York, Westchester & Boston Railway Company 

Daily Report of Time Worked 
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Fig. 1 

of multiple-unit trains, and the pantagraph collector is watched 
during the entire run over the road and any defects or any wires 
off center are noted. 

At specified times each month the circuit breakers on the 
sectionalizing bridges are inspected and repairs made if neces¬ 
sary. Any defects or other matters of irregular appearance 
are immediately reported and the night gang is lined up to make 
the stated repairs or adjustments. 

The night crew also makes specified'inspections on the line 
repairing where necessary, but generally the entire time of 
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the night crew, which is actually only about 4| to 5 hours, due 
to traffic conditions, is taken up with regular maintenance 
work, which has been previously lined up for it. 

The day crew reports its work on a regular form, as shown 
in Fig. 1, and the night crew also uses the same form, and in 
addition, turns in a work train report, *as shown in Fig. 2, which 
includes the movement of the work train, as well as specifying 
what work has been done and what the general condition of 
the line is in when the crew returns from the road. 

Results of Inspection 

As already stated, a con¬ 
stant inspection has rapidly 
reduced the slight difficulties 
which arose from time to 
time after the road was first 
put into operation. 

For example: For the year 
ending December 1913, a 
total of 37 pantagraph col¬ 
lectors were broken, out of 
91,250 pantagraph trips made 
during the year. For the 
year ending December 1914, 
there were 19 pantagraph 
collectors broken out of 94,900 
pantagraph trips made during 
the year; and for the three 
months ending March 1915, 1 
four pantagraph collectors 
were broken out of 23,400 
pantagraph trips made during 
the three months; making 2,466 pantagraph trips per one panta¬ 
graph failure in 1913; 4,994 pantagraph trips per one panta¬ 
graph failure in 1914j and 5,850 pantagraph trips per one 
pantagraph failure for the three months ending March 1915. 

Operating Efficiency 

In 1913 there were 27,927 car miles operated per one panta¬ 
graph failure, in 1914 there were 55,503 car miles operated per 
one pantagraph failure, and for the three months ending March 
1915, there were 64,799 car miles operated per one pantagraph 
failure. 
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The usual cause for broken pantagraphs is due to wire off 
center, low joints on running rails on curves, overhead frog on 
deflector out of adjustment and loose sleeves on contact wire. 

The following tables give the total delays caused by broken 
pantagraph collectors and power troubles, shown in compari¬ 
son with the train miles'operated, with the typical causes given 
for the delays. 


Year 

Month 

Train miles 

Power trouble 

Pantagraph and contact 
wire trouble 

Delays 

Minutes 

Delays 

Minutes 

1913 

Jany. 

73,939.07 

29 

584 

1 

5 

a 

Feby. 

68,323.64 

13 

79 

3 

20 

u 

March 

74,206.19 

1 

6 

0 

0 

u 

April 

71,684.33 

38 

243 

1 

* 15 

u 

May 

74,103.24 

25 

382 

1 

5 

u 

June 

72,925.33 

13 

114 

6 

40 

a 

July 

75,033.20 

29 

187 

2 

22 

u 

August 

74,674.88 

14 

101 

1 

5 

* 

Sept. 

72,223.94 

9 

92 

1 

10 

u 

October 

74,644.30 

9 

62 

1 

7 

u 

Nov. 

72,160.28 

15 

242 

0 

0 

a 

Dec. 

75,386.58 

15 

78 

0 

0 



879,304.98 

210 

2170 

17 

129 


Year 

Month 

Train miles 

Power trouble 

Pantagraph and contact 
wire trouble 

Delays 

Minutes 

, Delays 

Minutes 

1914 

Jany. 

75,330.00 

16 

227 

4 

25 

U 

Peby. 

67,088.08 

20 

398 

1 

5 

“ 

March 

74,634.69 

2 

2 

0 

0 

u 

April 

71,044.61 

1 

5 

0 

0 

u 

May 

74,160.23 

8 

434 

1 

7 

u 

June 

72,312.00 

8 

33 

4 

51 

u 

July 

75,387.60 

3 

14 

0 

0 

u 

August 

74,406.68 

19 

927 

0 

0 

a 

Sept. 

72,241.02 

0 

0 

0 

0 

u 

October 

74,659.04 

0 

0 

0 

0 

m 

Nov. 

72,216.96 

9 

109 

2 

12 

a 

Dec. 

74,639.48 

11 

107 

3 

17 



878,120.39 

97 

2256 

15 

117 

1915 

Jany. 

74,627.36 

0 

0 

0 

0 

U 

Feby. 

67,388.36 

0 

0 

1 

2 

U 

March 

74,654.61 

0 

0 

0 

0 



216,670.33 

0 

0 

1 

2 
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Typical Causes for Delays Caused By: 

i 

Power Troubles 1 Contact Wire and Pantagraph Trouble 


1913 * 

Jan. 2 : Power off three minutes, due to Jan. 4 : Contact dead end broken by 

undiscovered grounds pantagraph 

Jan. 4 : Grounds due to broken panta¬ 

graph 

Jan. 9 : Power off three contact lines, four Jan. 17 : Short circuit of pantagraph 

minutes, due to undiscovered! insulator, due to foreign 

grounds material 

Jan. 21 : Short circuit of pantagraph 

insulator, due to limb of 
tree. 

February Feb. 10 : f messenger grounding against 

lower cord of highway bridge. 
Feb. 14 : Broken pantagraph on cross¬ 

over, on account of deflector. 

March March 5 : Broken pantagraph, due to 

train running past deadend 
in storage yard. 

March 11 : Due to car in storage yard 

bridging current on line to 
ground, by raising two panta- 
l graphs. 

March 15 : Broken pantagraph, due to 

pantagraph sprocket chain 
breaking. 

May May 2 : Grounded insulator on con¬ 

tact wire. 

May 24 : Short circuit on pantagraph 

insulator, due to foreign 
material. 

! May 25 : Broken pantagraph on curve, 

due to loose hangers. 

May 25 : Pantagraph broken on cross 

over, due to deflector. 

May 29 : Short circuit on pantagraph 

insulator, due to cat on roof 
of car in storage yard. 

July I July 7 : Broken sprocket chain on 

j pantagraph on cross-over, 

! due to deflector. 

July 13 : Short circuit of pantagraph 

insulator, due to limb of 
tree. 

July 14 : Broken sprocket chain on 

pantagraph on cross-over, 

due to deflector. 

July 20 : Broken pantagraph on cross¬ 

over, due to deflector. 

July 25 : Broken pantagraph on cross-, 

over, due to deflector, 
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Power Troubles 


Contact Wire and Pantagraph Trouble 


1914 


Feb.16 : 

Power off five contact lines, five 

Feb. 

17 

: Grounded line switch on car 


minutes, 

due to 

undiscovered 

Feb. 

18 

: Due to grounded transformer 


grounds. 





on car. 

March 1: 

Grounded 

feeders, 

due to pro- 

1 March 20 

: Grounded contact wires, due 


tection screens being broken down 



to ice connecting between con- 


by snow. 





tact wire and highway bridge. 

May 




May 


2nd; Grounded insulator on 
contact wire. 





May 

6 

: Arc drawn by pantagraph 
grounding on messenger. 





May 

18 

: Broken pantagraphs on two 
cars at cross-over, due to 
deflector. 





May 

20 

: Due to arc drawn by panta¬ 
graph grounding on catenary 
bridge. 





May 

27 : 

: Broken pantagraph, due to 
pantagraph leaving wire on 







curve. 




* 

May 

28 : 

Grounded pantagraph insu¬ 
lator due to branch of tree. 

August 




Aug. 

3 : 

Broken pantagraph breaking 
insulator on curve. 





Aug. 

23 : 

Due to grounded pantagraph, 
caused by bird on roof of car. 





Aug. 

29 : 

Broken insulator on contact 







wire. 

February 



1915 





J 

Feb. 

3 : 

Due to arc drawn by panta¬ 
graph, grounding messenger. 



Also, the graphical charts shown in Figs. 3a, b, c, d, represent 
the total minutes delay, divided between power trouble and 
contact wire and pantagraph trouble. 


Insulation 

All told, on the 54.26 miles of track, there are the following 
numbers of insulators: 

On the 11,000-volt lines, there are 2,557 pin insulators, 1,949 
safety strain insulators, 164 wood strain insulators, 2,004 cate¬ 
nary suspension insulators and 87 dead-end strain insulators; on 
the 2200-volt signal lines there are 1,368 pin insulators and 971 
safety strain insulators; making a total of 9,100 insulators. 

Out of the total number of 2,339 insulators carrying the signal 
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transmission lines there have been no insulator failures after 
approximately three years’ operation, and out of the .6,761 in¬ 
sulators carrying the 11,000-volt lines there have been the 
following failures: 

In 1913: One insulator failure on contact lines. 



Fig. 3a—Total Minutes Delay due to Power Trouble, 1913 



Fig. 3b—Total Minutes Delay due to Power Trouble, 1914 


In 1914: Seven insulator failures, six of which were on con¬ 
tact lines and one on the transmission line. 

In 1915: There has been one insulator failure on the trans¬ 
mission lines. 

This makes approximately 100 per cent insulation in 1913, 
a little better than 99 per cent insulation in 1914 and approxi¬ 
mately 100 per cent so far in 1915. 
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Wear 

The following table shows the mileage obtained by para¬ 
graph shoes and it is to be noted also, that the actual wear on 
the contact wire from the rubbing effect of the shoe has amounted 



Fig. 3c— Total Minutes Delay due to Pantagraph and Contact 
Wire Trouble, 1913 



Fig. 3d—Total Minutes Delay due to Pantagraph and Contact 
Wire Trouble, 1914 

to about | in. flat surface on the under side of the grooved steel 
contact wire. This wear has been uniform over the entire 
line and there seems to be no indication of more wear on the low 
wire than on the high wire, and the wear on curves, also, is about 
the same, so that at the rate of wear as noted at the present 
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time,^ it should be not necessary-to renew the steel trolley wire 
for six or seven years, at least, from the initial installation. 


Year 

Month 

Panta- 

graphs 

broken 

Mileage 

1913 

January 

2 

840 


February 

5 

1049 

* 

March 

3 

1046 

* 

April 

6 

1109 


May 

2 

1320 


June 

6 

1357 


July 

5 

1425 

* 

August 

6 

1866 

ft 

September 

0 

2379 

ft 

October 

0 

2667 

ft 

November 

1 

1775 

ft 

December 

1 

37 

1669 


Year 

Month 

Para¬ 

graphs 

broken 

Mileage 

1914 

January 

4 

1330 

* 

February 

1 

1144 

* 

March 

0 

1053 

* 

April 

0 

1333 

* 

May 

3 

1470 

* 

June 

2 

1885 


July 

2 

2098 


August 

2 

2127 

ft 

| September 

1 

2036 

ft 

October 

0 

1541 


November 

2 

1224 


December 

2 

1145 



19 


1915 

January 

1 

1210 

ft 

February 

1 

1197 

ft 

March 

2 

1091 



4 1 



It is to be noted in the above table that the mileage obtained 
by pantagraph shoes decreases in the winter months and in¬ 
creases m the summer months. This is due to the fact that it 
is necessary to raise the tension on the upward motion of the 
pantagraph in the cold weather, on account of the slight rais¬ 
ing in the contact wire, caused by contraction. 
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Rules and Regulations 

A book of rules has been issued for the instruction and guid¬ 
ance of employes in the electrical department, as well as the 
other departments. Particular emphasis is laid on rules of 
safety and it is made clear to all the men engaged in high-ten¬ 
sion work that great care must be taken to avoid coming in 
contact with any electrical equipment. The men are care¬ 
fully examined in all the rules, as well as to their knowledge 
of general high-tension work. The following are some of the 
rules which the men are required to obey under penalty of 
dismissal: 

All high-tension feeders, catenary wires, busses, oil switches and 
other high-tension apparatus, shall be considered alive at all times and 
shall be considered dead only when specified by the proper authority. 

Employes whose duties require them to work in the vicinity of or 
in direct connection with, any high-tension apparatus, trolley wires, 
feeders or busses, are cautioned against the dangers involved and are 
forbidden to engage in such work unless duly authorized and properly 
protected. 

No attempt shall be made to work on any of the 11,000-volt system, 
namely, feeders, trolley wires, anchor bridge apparatus, bomb fuses, 
lightning transformers and high-tension telephone lines, while it is alive. 

If at any time there is doubt about the condition of any piece of 11,000 
volt apparatus, no work is to be attempted. In case of feeders 
or trolley wires, which -are always to be considered alive, no work is to 
be attempted until they are properly 11 grounded” in the immediate 
vicinity of point where men are to work. 

A proper ground will be established by connecting, by means of a 
clamp, one end of a piece of stranded copper cable, not less than No. 
0000 in size, to any iron work known to be connected to the running 
rails of the railroad and the other end connected to the feeder or trolley 
wire by a second clamp, this clamp to be operated by means of a pole 
at a distance of not less than six feet (6') from below the feeder or trolley. 
The "ground” end of the wire must be-applied first while grounding 
a feeder or trolley, and removed last while clearing or removing ground 
from feeder or trolley. 

No 11,000-volt switch will be operated except by means of dry wood 
poles provided for the purpose. Operator's hands must never be placed 
at a distance less than six feet from live end of pole. 

No work shall be attempted on any 11,000-volt automatic circuit 
breaker or 11,000-volt transformers, without first disconnecting it from 
power supply, by means of disconnecting switches provided with the 
apparatus. 

No work shall be attempted on one or more transformers which are 
connected together for three phase operation without first disconnect¬ 
ing all transformers of the group from power supply by means of dis¬ 
connecting switches provided for the purpose. 
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No unauthorized person shall be allowed in the vicinity of unpro¬ 
tected apparatus or allowed to assist workmen engaged on 11,00'0-volt 
apparatus. 

Also, the following instructions are issued to all employees of 
the road, so that they may be properly guided and instructed 
with reference to the electrical equipment. 

All employes, except those who are properly authorized, are forbidden 
to enter upon or climb any catenary bridge or pole, signal or anchor 
bridge. 

All employes, except those who are properly authorized, are forbidden 
to go within six feet of any high-tension apparatus, feeders or busses. 

All employes of this Company, except those who are properly au¬ 
thorized, are forbidden to climb upon the roof or superstructure of any 
car, locomotive or other equipment. 

As the entire handling of the power on the line is done by 
one set of men, namely, the load despatches, who have entire 
jurisdiction over the cutting in and cutting out of the various 
high-tension lines, a special set of instructions has been issued 
for this purpose. These instructions cover the method of 
opening and closing high-tension circuit breakers, etc. Por¬ 
tions of these instructions are shown below. 

Instructions to Load Despatchers 

If, for any reason, a track wire is desired cut out. Load Despatcher 
will first take up the matter with the Train Despatcher and get his 
O. K. by a written message transmitted by telephone before the track 
wire is cut out, in order that there will be no power shut off while a 
train is in this section. 

If a ground occurs on the line, Load Despatcher will immediately 
get in touch with Train Despatcher advising him just what tracks are 
out, and if possible, in what particular section ground occurred. Train 
Despatcher will get in touch with all trains in this section and advise 
Load Despatcher if any train in the said section has caused gro un d. 
Load Despatcher, upon receiving information from Train Despatcher 
that he has no train in this section which reports ground, will throw 
power on line a second time. If power fails to hold on second trial, 
Load Despatcher will not throw power on again until definite informa¬ 
tion is received from some definite source, either through Train De¬ 
spatcher or representative of the Maintenance Department, that line 
is clear; this information must be sent in the form of a phonogram. 

If a ground occurs on any track or feeder causing circuit breaker to open, 
a period of at least five minutes must elapse before power is cut in, on 
said track or feeder, unless positive information is received as to the 
cause of interruption. 

Orders to Towermen, Anchor Bridge Operators and Signal Maintainers, 
instructing that circuit breakers or switches be opened or closed, must 
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be done by a written order stating specifically what this operation is to 
be. The men instructed to carry out the orders will reply when same 
is complete by written message. 

If any circuit breakers open automatically on a ground or for any 
other reason, the Towerman at the point where the circuit breaker has 
opened will inform the Load Despatcher which breaker opened. 

When any men are working on the line that has been cut out, power 
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is not to be thrown back until the foreman in charge of the line gang 
has reported by written message to the Load Despatcher that his men 
are entirely clear and all grounds have been removed from the line and 
Train Despatcher notified. 

If at any time pantagraphs are broken on any of the trains and the 
trouble has not been ascertained, no train should be run through this 


F “ New York, Westchester & Boston Ry. Co. 
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Fig. 5 

section until the trouble has been ascertained, and it is found safe to 
run trains by the point where the pantagraph was broken. 

Instructions to Towermen in Operating Switchboards Con¬ 
trolling High-Tension Power 

, No circuit breakers or switches shall be closed without written orders 
from the Load Despatcher. 

If any circuit breaker opens automatically on a ground, overload 
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or for any other reason, he must immediately get in communication by 
telephone with Load Dispatcher and inform him in detail what has taken 
place. It is especially important to note when any circuit breaker opens 
it is not to be closed again without an order from Load Despatcher. 

Maintenance Records and Costs 

A record is kept of all the failures on the electrical system 
and is shown each day on a blank filled out by the load des¬ 
patcher and checked by the maintenance forces, and is shown 
in Fig. 4. 

Records are also kept of all lines worked on by the electrical 
forces showing just what lines were taken out of service. This 
report is filled in on a blank, as shown in Fig. 5. 

The table on the opposite page shows the various costs of 
maintenance of the overhead contact system, and for comparison 
the figures are shown for October 1912, shortly after the sys¬ 
tem was put into operation, and an average for the six months 
ending December 1914. Included in the cost per unit is the 
cost of miscellaneous electric line expenses, which includes 
sectionalizing bridges, sectionalizing equipment, time of men 
while on emergency duty, work train, and in fact, all charges 
which cannot be placed actually against feeders and contact. 

As a matter of comparison, the cost of electrical mainte¬ 
nance is given per car mile for July 1914 and December 1914, 
as follows: 

Total maintenance per car mile, July 1914.$ .0156 

Total maintenance per car mile, December 1914 $ .0142 

The above figures include supervision, transmission and con¬ 
tact system, miscellaneous electric line expenses, work train, etc. 

It will be seen in reviewing the above paragraphs that the 
various difficulties, none of which were serious, and the costs 
involved in overcoming the same, have decreased as time 
progresses, and we would, therefore, assume that the inverted 
peak of the triangle has not as yet been reached. 
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CONTACT SYSTEM OF THE BUTTE, ANACONDA & 
PACIFIC RAILWAY 


BY J. B. COX 


Abstract of Paper 

A careful study of the general conditions existing on the B. A. 

& P. R. R. indicated that an overhead contact system was ad¬ 
visable. 

The relatively large amount of energy required per locomotive 
unit made the adoption of the roller pantagraph desirable. 

The weight of this type of collector demanded that the trolley 
line be made as flexible as possible. 

Special hangers, pull-offs, etc., were designed to accomplish 
this result. The cost of the contact system was relatively high 
because of the unusual conditions. 

The operation is quite successful, though some minor troubles 
were experienced in the beginning. 

A CAREFUL preliminary survey of the general problems 
involved in the electrification of the Butte, Anaconda 
& Pacific Railway had made it evident that an overhead con¬ 
tact system was unquestionably advisable, the two predom¬ 
inating reasons being, that approximately 60 per cent of the 
tracks to be electrified consisted of yards and sidings, with 
numerous switches and street crossings, and that a great por¬ 
tion of these tracks were in localities where it would be very 
difficult to protect against trespass by the public. 

An analysis of the general traffic conditions had indicated 
that a locomotive unit with approximately 80 tons on drivers, 
and equipped with an aggregate motor capacity of approxi¬ 
mately 2400 h.p., for maximum accelerating periods, would 
be most economical and best suited to the general service con¬ 
ditions, two such units being operated in multiple as a single 
locomotive for the heavier freight trains. Such a locomotive 
would thus require to receive at its collectors from the trolley 
frequently from 3000 to 3600 kilowatts, which would mean 
6000, 3000 or 2500 amperes at 600, 1200 or 1500 volts, respec¬ 
tively. 

Trial estimates on total initial costs and final operating ex- 
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penses for the entire electrification had indicated that, for the 
general conditions, direct-current motors operating two miseries 
from a 2400-volt trolley fed from two substations, one located 
at each end of the line in existing power supply buildings ap¬ 
proximately 26 miles apart where no extra attendants would 
be required, would be expected to yield most economical re¬ 
sults. Higher trolley voltages were considered but were not 
found to be generally advantageous. 

A double-unit locomotive with capacity as described would, 
therefore, require to collect from the 2400-volt trolley during 
acceleration from 1400 to 1500 amperes, or 700 to 750 amperes 
for each collector, one being used per unit. 

While this was known to be well within the capacity of a 
single 4/0 trolley wire fed at frequent intervals from both 
directions, the successful collection of such a heavy current 
from a single trolley wire was a more serious problem. 

Sliding pantagraphs of various types, had been developed 
and made to operate fairly successfully for the collection of 
currents up to 150 to 200 amperes under similar operating con¬ 
ditions but none had given any hopeful indications of collecting 
such heavy currents with reasonably satisfactory life. 

Rollers of various kinds had been tried as substitutes for 
the slider and one of these, made from steel tubing, had been 
found to give very satisfactory results, and on the whole, seemed 
to be the most promising prospect at the time, so that this type 
of collector was chosen for the moving contact device on the 
locomotives. 

A Shelby steel tube 5 inches in diameter and 24 inches long 
was used for making up the roller. The thickness of this 
tube when turned up inside and outside was approximately 
| inch. A wooden lining was originally forced inside the tube 
which was expected to hold the tube together until the spark¬ 
ing had called attention to the necessity for its removal in case 
it wore through the metal. 

Removable bearing housings of aluminum metal were fitted 
into each end of this tube, two phosphor-bronze sleeve bear¬ 
ings being installed ift. each housing, between which was an 
oil chamber for containing the lubricant. The complete roller 
revolved about a f-in. steel shaft which was fixed at each end 
by clamps to the pantagraph frame. 

The completed roller with lining, bearings and spindle weighed 
approximately 31 lb., as against about 5 lb. for the corres- 
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ponding contact element usually adopted for the sliding panta- 
graph. 

This comparatively heavy contact device could not be ex¬ 
pected to respond so readily or so gently to hard or uneven 
spots in the trolley wire as does the lighter slider. Besides the 
increase in weight, the rapid revolving of the roller at high 
speeds would tend to increase the difficulties unless the balance 
was almost perfect. These difficulties were foreseen from the 
beginning and as it was realized that the weight of the roller 
could not be materially reduced it was decided to adopt prac¬ 
tically the standard pantagraph frame with such changes as 
were necessary for the substitution of the roller, and to turn 
to the trolley line construction with a view to removing the 
most serious objections to the roller by avoiding the hard or 
uneven spots in the trolley line, which seemed to be its greatest 
enemy. 

The pantagraph as originally installed on the locomotives 
is illustrated in Fig. 1. One such pantagraph was put on each 
freight locomotive unit and two on each passenger unit, though 
only one pantagraph is used at a time, the extra one being a 
spare one for use in case of trouble, thus to avoid unnecessary 
delay. All main line freight trains are operated by a double¬ 
unit locomotive with both pantagraphs in contact with the 
trolley wire and connected in multiple by means of a bus line 
run on top of the locomotives, with a jumper connection be¬ 
tween the two units. 

In case of accident to either pantagraph on these trains a 
single pantagraph is capable of collecting the current for both 
units for the completion of the trip. The operation of this 
pantagraph in service is detailed further on in this article. 

In considering what might be done by way of improving the 
design of the overhead line construction so as to make it more 
adaptable to the satisfactory operation of the roller pantagraph 
evenness and flexibility were the qualities most desired. 

The introduction of catenary construction with hangers at 
frequent intervals had accomplished much in these directions, 
especially the first, and gradual improvements had been made 
toward simplifying and cheapening this type of construction, 
though perhaps the importance of flexibility had not been fully 
appreciated until the heavier types of collector became desirable. 

Attention was directed to the redesigning of all hangers, pull- 
offs and other of the line material which tended to add unevenly 
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Fig. 4—Double Flexible Catenary Pull-Off 
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Fig. 6—Splicing Sleeve, Wedge Type, Renewable Shoe, for Panta- 
graph Collector 



_ [ccx] 

Fig. S Form A Wood Strain Insulator 
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Fig. 7—Wedge Grip Clevis 
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distributed weight or local stiffness to the trolley wire, the re¬ 
sult being the development of a new line of this apparatus. 

The new hanger was made up of f by f-in. flat strap with a 
malleable iron ear secured by a J by 1 f-in. carriage bolt. This 
hanger allows the greatest possible vertical movement of the 
trolley wire, or more than the upward pressure of the two para¬ 
graphs of a double unit locomotive operating with a tension of 
35 to 40 lb. each against the trolley wire will normally raise it, 
before any resistance from the messenger is encountered, since 
the loop extends for almost the entire length of the hanger. 
The hanger is simple in construction and easily installed as the 
loop is merely thrown over the messenger and the two ears car¬ 
ried by the loop strap are secured by the single bolt which at the 
same time clamps the self-aligning jaws into the grooves of the 
trolley wire. 

The design of the jaws gives liberal clearance for the roller and 
would readily permit the operation of a trolley wheel should such 
for any reason be desired. 

The weight of the complete hanger varied from 14| oz. in 
the case of the 8-in. to If lb. for the 28-in. or longest. This 
hanger is shown in Fig. 2. 

As a very large percentage of the trackage to be electrified ' 
is curve construction, varying anywhere from tangent to 22 deg., 
it was necessary to give most careful attention to the design of 
a new pull-off. The result of the efforts in this direction was an 
entirely new pull-off, by means of which the messenger and 
trolley wires are held in position’by separate clamps, from each of 
which runs an individual pull-off wire with a strut between, main¬ 
taining the pull parallel to the horizontal plane of the trolley 
wire, allowing free vertical movement independent of the mes¬ 
senger, Fig. 3. 

The double pull-off used where there was more than one 
track is shown in Fig. 4. This pull-off, while an improvement in 
some respects over former designs, was not as satisfactory as the 
single pull-off, as it proved to be heavier and less flexible than 
was desired, causing slight sparking when a single pantagraph 
passed underneath it at medium speeds. 

The design has been revised and future construction will be 
considerably improved. 

Rigid pull-offs as shown in Fig. 5 were used at some points but 
were found to be subjected to much the same objections as the 
double pull-offs because of the sparking due to similar reasons. 
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The type of splicing sleeve used is shown in Fig. 6. It is made 
of sheet steel with a malleable iron removable shoe which gives 
a smooth underrun for the roller, and may be replaced when 
worn out before the body of the holding member proper is in¬ 
jured. 

The wire is securely held by a drop forged wedge with sharp¬ 
ened teeth, without bending the wire or diminishing its tensile 
strength. 

Fig. 7 illustrates the form of "wedge grip clevis used for dead¬ 
ending the trolley and messenger wires. This had double wedges 
with sharpened teeth similar to those for the splicing sleeve. 

These are readily installed with a hammer, which together 
with their low manufacturing cost and ease of adjustment in 
service, makes their use economical as well as satisfactory. 

The question as to the use of "wood or steel poles for the sup¬ 
porting structure was not a difficult one, owing to the general 
conditions and the nearness to the best of markets for good 
Idaho cedar poles which made their use more economical when 
compared with the cost of steel structure. Some consideration 
was given to the use of steel structure in some of the yard con¬ 
struction where as many as eight tracks w^ere to be spanned, but 
even here it was finally decided to use the w r ood poles, though the 
general advantages w^ere not so great as on the main line con¬ 
struction. However, steel supporting structures were used on 
the double-track steel trestle running from the concentrator 
yards- up over the ore storage bins alongside the concentrator 
buildings, Fig. 7a. These tracks are approximately f mile in 
length. The steel supporting structure was made up at the 
smelter and the cost of same is included in Table II. 

A further item of unusual character in connection with the 
trolley line construction was that required for about \ mile of 
track alongside a slump pond from wffiich the sediment is taken 
by means of a drag line scraper bucket operated from a cable- 
way suspended betw r een tv r o traveling tow r ers mounted on 
rails on each side of the pond. As the track in question on 
which empty cars are placed for loading is located inside the 
area covered by the cableway, a trolley wire over the center of 
the track would interfere with the loading, and as it was de¬ 
sirable to use a standard locomotive for the handling of these 
cars, the brackets which supported the trolley and messenger 
wire were hinged at the pole. A flexible wire cable attached 
to the outer end and passing over a pulley anchored on top of 
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the pole was connected to a hand-operated windlass by which 
the brackets are swung upward, carrying the trolley line from over 
the track and clear of the path of the bucket. When the load¬ 
ing is completed the trolley is lowered to the normal position 
while the loaded cars are removed and replaced by other empties. 
The number of poles and costs will be found in Table III. 


TABLE II.—COST OF DISTRIBUTION SYSTEM. 



Cost per item 

Cost per mile 

Labor installing. 

5129,027.56 

51417.89 

Feeder copper. 

89,697.00 

985.68 

Work train service. 

64,268.31 

706.25 

Trolley wire.. 

58,213.60 

639.71 

Cedar poles. 

27,739.21 

304.83 

Galvanized strand wire. 

26,807.47 

294.59 

Copper bonds. 

20,564.20 

225.98 


7,596.27 

83.48 



Crosby clips.*. 

5,396.17 

59.30 

Wood strain insulators. 

5,385.22 

59.18 

Engineering and superintendence. 

5,289.30 

58.12 


3,811.30 

41.88 

Anchor rods. 

3,403.73 

37.40 

Sectionalizing switches.. 

3,097.05 

34.03 

Injuries and damages, etc. 

3,036.56 

33.37 

Fitting up work cars. 

2,292.61 

25.19 

Steel and iron from stock. 

2,043.87 

22.46 

Lumber and timbers. 

2,013.61 

22.13 

Rental on work cars. 

1,716.50 

18.86 

Shop expenses. 

1,418.59 

15.59 

Lightning arresters... 

1,271.02 

13.96 

Paints and oils. 

901.32 

9.90 

Feeders and messenger insulators. 

842.15 

9.25 

Creosote and oil. 

637.00 

7.00 

Steel bond protectors. 

570.00 

6.26 

Splicing sleeves. 

294.00 

3.23 

Postage, car-fares, etc. 

238.62 

2.62 

Guards and signs. 

234.08 

2.57 

Wedge grips. 

130.01 

1.43 

Dynamite and fuses. 

121.36 

1.33 

Gasoline, solder, etc. 

100.46 

1.10 

Miscellaneous items. 

33,629.50 

369.55 

Total. 

5501,787.74 

55514.15 


The question of insulation was not a serious one, as trolley 
voltages up to 11,000 volts had been in operation for a number 
of years and insulation difficulties for such purposes had been 
met quite satisfactorily, so that the question was merely a 
matter of choice between wood and porcelain, the decision event¬ 
ually being made in favor of wood, as the dry climate inthelo- 
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cality was favorable to its satisfactory service with greater 
general economy. 

The wood strain insulators used are shown in Fig. 8 and the 
number used and costs are given in Table III. 

Insofar as the general plan of trolley construction is concerned 
no very decidedly radical departure from some of the later 
installations was attempted, but every effort was made to sim¬ 
plify and perfect what has been done before and to adapt the 
construction to the particular conditions. 

A very important item in the way of economizing and simplify¬ 
ing was the omission of the use of any form of deflector at all 
special work. Some new departures were made in the manner 


TABLE III.—SHOWING AMOUNTS AND COSTS OF PRINCIPAL MATERIALS 
REQUIRED FOR DISTRIBUTION SYSTEM. 



Total 

units 

Units 
per mile 

Costs 
per unit 
cents 

Total 

cost 

Feeder copper, lbs. 

507,055 

5,572 

17.69 

$89,697.00 

Trolley copper, lbs. 

343,030 

3,770 

16.97 

58,213.60 

Cedar poles. 

4,869 

53.5 

569.71 

27,739.21 

Galvanized steel strand, feet.... 

1,553,750 

17,074 

1.73 

26,807.47 

Copperbonds. 

32,260 

355 

63.74 

20,564.20 

Crosby clips. 

61,911 

680 

8.72 

5,396.17 

Wood strain insulators. 

15,850 

175 

33.97 

5,385.22 

Anchor rods. 

6,123 

673 

55.57 

3,403.73 

Splicing sleeves. 

265 

3 

111.00 

294.00 

Wedge grips.. 

680 

7.5 

19.13 

130.01 

Total. 




$237,630.61 






of arrangement of the trolley wires at these points so as to insure 
the pantagraphs picking up and dropping them properly. 

At switching points in ordinary trolley construction frogs 
are employed to make the trolley junction, and for pantagraph 
use deflectors are generally required to prevent the pantagraph 
when approaching such a junction toward a trailing switch 
from raising the wire under which it is operating, sufficiently 
above that over the converging track so as to allow the panta¬ 
graph to get over it without destructive results to either the 
pantagraph or trolley or both. Instead of this construction, 
the trolley and messenger wires which were intended to follow 
the switching track was started several feet ahead of the switch. 
from a convenient point for dead-ending, and several inches 














PLATE LXXXIX. 
A. I. E. E. 

VOL. XXXIV, 1915 


Fig. 7a—Steel Supporting Structures on Trestle 
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Trolley Wires in Simultaneous Contact with Roller 
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above the horizontal plane of the through wires, and gradually 
brought down to that plane a short distance ahead of the switch¬ 
ing point where they were gradually carried away following 
over the switching track. At some points in the yards where 
the parallel tracks leave the ladder track at close intervals as 
many as six sets of wires are in the same horizontal plane and 
all the trolley wires making contact with the roller simultane¬ 
ously, Fig. 9. 

This construction has proved entirely satisfactory and there 
have been no instances of trouble from the omission of de¬ 
flectors, which not only lessened the cost of the w r ork but avoided 
much extra weight at points where the supporting structure 
was most taxed. Fig. 10 illustrates the above construction. 

Air section insulation w r as used at all points where it was 
practicable and has been found to be advantageous from every 
point of view. Instead of inserting wooden insulators in the 
trolley line where sectionalization was desired, the ends of the 
wires of each section were made to overlap each other the 
length of a pole spacing, the tw r o sets of wires being carried in 
approximately the same horizontal plane but about 12 inches 
apart for a few feet in the middle of the span, from which point 
the dead ends of the trolley wire were gradually carried above 
the path of the collector to its anchorage. 

This construction avoids the use of heavy insulators, thus 
preventing hard or heavy spots in the line which are destructive 
to the line and pantagraph alike. With this construction there 
is less objection to subdividing the line into a number of short 
sections, which, with the elasticity provided by wood poles 
and catenary suspension, overcomes to a great extent, the 
difficulties arising from contraction and expansion due to 
changes in temperature. 

These sections are passed at full speed without any noticable 
effect on the line or the pantagraph or the least interruption 
of contact. 

Similar construction was used at all anchoring points for 
both trolley and messenger and has been found to be equally 
satisfactory here. Undoubtedly this type of sectionalizing will 
become much more general in the future and means will be de¬ 
vised for its adoption at points where it is now found difficult 
to install properly. 

Tests were made by cutting the current off of one section and 
running a locomotive from the live section onto the dead sec- 
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tion at low speed and heavy current to see if the arcing between 
the pantagraph and the live trolley wire would be injurious. 
The arcing was surprisingly small and not of a nature to do 
serious harm to either wire or roller. Fig. No. 11 shows the 
general method of installation. 

The effect of such an operation in the case of the wooden 
section insulators used at 600-volt street railway crossings and 
and other points w r here it rvas not found convenient to install 
the air type was quite injurious, and though such tests were 
not meant to be given them and the insulators were not ex¬ 
pected to stand such treatment repeatedly, some of those 
located at street crossings where considerable switching was 
done received the test too frequently and sooner or later broke 
down under the treatment. 

At these street railway crossings it was necessary to use 
two such insulators in the 2400-volt line about 75 feet apart, 
the trolley section in between being called the protecting zone, 
this being made necessary on account of the operation of double¬ 
unit locomotives with a trolley on each up, and the two being 
connected by a bus line. 

As the first insulator w r as usually about 100 ft. from the 
switch and the safety section was not energized until a member 
of the train crew ran ahead and threw a commutating switch 
located on a pole near the street crossing which cut off the com¬ 
mutating section from the normal 600-volt connection and ener¬ 
gized it with the 2400-volt current so long as the switch handle 
was held in the full up position, it frequently happened in the 
earlier period of electrical operation, before the crews had 
learned from actual experience the damage that might result, 
that the member of the crew whose duty it was to run ahead 
and operate the switch did not get it thrown until the loco¬ 
motive had passed under the first insulator, and as this was 
often done with powder on the motors, the arcing that occurred 
when the roller left the live section of the insulator and ran 
onto the dead section carbonized the w r ood of the insulator 
and the carbonization w r as extended with each repetition until 
the insulation w^as finally insufficient and the insulator had to 
be replaced. The insulator originally used at these points is 
shown in Fig. 12. These experiences suggested the advisability 
of a change in the design of the insulator wilich w T ould render 
the arcing in such instances less destructive, so that the over¬ 
lapping metal contact strips which originally were attached 
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directly to the bottom of the wood insulators, were replaced 
by other strips which were carried out about four inches away 
from the wood insulation, thus making the distance between 
the strips considerably greater. These strips were attached to 
the insulators by spring hinges, so as to lessen the blow to both 
the insulator and pantagraph. These insulators were quite an 
improvement over the original ones but even they were not 
entirely free from injury when heavy currents were broken 
under the conditions heretofore ^described. 

The B. A. & P. tracks cross local 600-volt street railway 
tracks at six points, four of which are at street level in Butte. 
Two are at the Anaconda end but these, not being at street 
crossings, avoided the use of the special switching devices by 
arranging with the street railway company to coast over the 
crossing. At two of the crossings in Butte watchmen were 
permanently employed to operate gates for protecting the traffic. 
The electrical switches for controlling the crossing at these 
points were placed on poles near the watchman s tower where 
he could easily operate them, and were interlocked with the 
gates so as to make it impossible to energize the crossing with 
the 2400-volt current until the gates were closed or to open the 
gates while the switch was in the 2400-volt position. 

Practically no trouble was experienced at these points after 
the watchmen became accustomed to their new duties but at 
the less frequently used crossings where the train crews operate 
the commutating switches, some troubles were experienced 
with the switches in addition to that already noted with the 
section insulators. These switches were not expected to open 
heavy currents but the operators w r ere expected to hold them in 
until the locomotive had entirely cleared the protecting zone, 
but occasionally this was not done, or, to aggravate matters, the 
switch was allowed to open only partly while the locomotive 
was still in the protecting zone and when arcing was noticed in 
the switch box the handle was dropped and the switch badly 
burned. These commutating switches are shown in Fig. 14. 
At one point where this trouble occurred a second time, electri¬ 
cally operated contactors were placed in series with the ordinary 
operating switch on both the 2400-volt and the 600-volt circuit, 
and two sets of contactors being so interlocked as to render it 
impossible for the two sets to be energized at the same time, as 
shown in Fig. 15. 

No further troubles were experienced from this cause after 
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the installation of the contactors. These switches have been 
redesigned for future installations. After the men had become 
familiar with the operation of the switches there were ver^- few 
instances of trouble even \vith the original switches. 

The trolley line was sectionalized at intervals as shown in 
Fig. 16, which also shows the final feeder arrangement. The 
sectionalizing switches were placed in asbestos lined wooden 
boxes and located on trolley poles well out of reach from the 
ground. An operating lever was located at a convenient point 
on the pole and at a suitable distance from the ground for ea ^ e 
in handling, and is provided with a standard track switch pa 
lock so that no extra key is required by trainmen for its opera- 


2400 Volt Trolley 



F' IG . 15 —Diagram of Connections at 600-Volt Street Railway 
Crossing, Showing Commutating Arrangement and Protection 
from 2400-Volt System with Electrically-Operated Contactors 
in Series with Regular Commutating Switch 


tion. The operating handle is connected with the switch blade 
by a wooden rod w T hich provided adequate insulation. 

In addition to the sectionalizing of the main line, these switches 
were used at all yards and at most spurs and transfer tracks to 
connecting lines, and at such of these points when the service 
was infrequent, the switch was normally left open. Such trans¬ 
fer connections were made with four other railway lines viz. 
Great Northern, Northern Pacific, Chicago, Milwaukee & St. 
Paul, and the Oregon Short Line. 

Eleven-point suspension with 28-inch deflection was used 
throughout with pole spacing, hanger length and pull-off arrange¬ 
ment approximately as per Table II. 
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Fig. 14—Commutating Switch, 
Cover Open 
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IRoller Tubes Injured 
from Sliding 


Fig. 21—Revised Wearing Plate for Roller Pantagraph 
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Approximately 10 per cent of the 91 miles of track electri¬ 
fied was bracket construction, which was used on nearly all 
tangent single track. These stretches of tangent track were so 
short comparatively and the percentage and degree of curvature 
so great, that it was unnecessary to make any special provision 
for staggering the trolley wire. Approximately 38 of the 91 
track miles would be classified as route miles, leaving about 53 
miles, or roughly 58 per cent of yards, sidings, spurs, etc. These 
53 miles were made up principally of eight yards located at 
Anaconda, East Anaconda, Silver Bow, Rocker, West Butte 
and Butte on the main line and the concentrator bins, storage 
bins, and Butte Hill yards on branch lines. -|Fig. 17 Jshows a 
map of the relative location of these yards and spurs, as well as 
the number and arrangement of the tracks, etc. 

The East Anaconda yards contained 12 tracks inclusive of 



that for the main line, approximating about five miles aggregate 
trackage, being the largest yard on the system, a plan of which 
is shown in Fig. 18. Eight of these tracks run almost the entire 
length of the yard, which is approximately one-half mile in length. 
These eight tracks are spanned by double messenger span wires 
supported from a pole line on each side spaced approximately 
110 ft. apart. The details of this construction with dimensions 
are given in Fig. 19. 

At the western end of the yard there were four additional stub 
end tracks where a third pole line was erected to form the out¬ 
side support for the wiring of same. 

This eight-track span construction has stood up well and is 
quite satisfactory. All the construction in the yards and spurs 
was of the standard catenary type and entire freedom from any 
kind of trouble with it would seem to fully justify any additional 
expense that such may have required. 
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The construction work was practically completed in October 
1913, though some small extensions were made on Butte Hill 
in 1914 and are included herein. 

Fig. 20 illustrates the form of -weekly report that was made to 
indicate the progress and general condition of the work during 
construction. As this was the last such report made it repre¬ 
sents practically the completed construction and indicates how 
nearly the original estimates correspond with the final results 
besides giving many other details of useful interest relative to 
the nature of the work. 

This report was not intended to cover other than the regular 
construction and, therefore, does not include the entire list of 
all the items mentioned, and as heretofore mentioned, some 
further short extensions were made at a later date. 

2 Wraps around pole span and guy 
S 


8'» 8' Timbers 
3'* 3* W Washer 
6'»1* Anchor Rod 

Fig. 19 —Dimensions of Cross-Catenary Span Construction, Eight 
Tracks, B. A. & P. Ry. 

The total cost of the trolley and feeder system inclusive of 
bonding and all changes made necessary in the way of clearance 
for poles, wiring, etc., such as relocation of tracks, telephone, 
telegraph and light wires, etc., up to the fiscal period ending 
June 30th, 1914, as reported to the Interstate Commerce Com¬ 
mission, was $501,787.74. This would make the average cost 
of the overhead system including feeders and bonding per 
track mile $5,514.15 or per route mile $13,381.00. 

An ite miz ed list of these costs is given in Table III, while 
the amounts and unit costs of the principal items involved will 
also be found in Table III. The total costs given are from the 
official records of the Railway Company, which are classified in 
accordance with Interstate Commerce Commission regulations 


Pole shims 2 Hooks for guy 

Crosbys each joint 
_ 


Turnbuckle 12'Opening 


1 Wrap around pole- 
steady / 


&SL i5 5W fetrandSM 


Mess.Hangers 22’ 


2 Crosbys each joint 


lO’j- -14.1'-f- -14215’ - -13.9’4-^~ 4- • 17 - 8 ~ 10’j \ 

x! x x! x x fx xix x • x x x x_x x • x~~i N 


Note: 12' Stick in all spans *12' clear wood. 

Max. distance between cross spans *110 feet 
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as appears in Table IV, which includes the entire cost of the elec- 
trification. 

The whole of accounts Nos. 12, 16,19 and 22 and such portion 
of No. 1 as was directly in connection with the distribution 
system is taken as the total cost of that system. 

The listed items in Table II are approximately correct, 
though in some instances there was some question as to a proper 
allocation. However, the general results are as nearly correct 
as is practicable, and even the slightest variations in local con¬ 
ditions would easily offset any likely discrepancy in the pro¬ 
portioning of these costs. The sum of the listed items was sub¬ 
tracted from the total cost and the remainder listed as mis¬ 
cellaneous thereby covering all items of materials and labor, 


TABLE IV—COSTS OF THE ELECTRIFICATION OF THE BUTTE, ANACONDA 
& PACIFIC RAILWAY CLASSIFIED IN ACCORDANCE WITH INTERSTATE 
COMMERCE REGULATIONS. 

Account No. 1. Engineering and superintendence (including general 


preliminary report). $10,937.15 

“ 12. Roadway tools (used for construction 19 & 22). 3,851.74 

“ 16. Crossings, fences, guards and signs mostly for signs... 234.08 

u 17. Interlocking and signal apparatus, new system re¬ 
quired account of electrification. 22,367.62 

“ 19. Poles and fixtures (approximately 91 miles track).... 135,263.98 

“ 22. Distribution system—(approx. 91 miles track wired) 357,009.45 

“ 25. Substation building—(existing building used). 191.15 

“ 31. \ Electrical Equipment—(5 1000-kw. motor-gen- 

36. J erator sets and 17 locomotive units). 671,764.78 

* 41. Interest. 9,975.80 


Total. 


$1,211,595.75 


etc., not definitely specified, leaving no question as to the total 
cost. 

All this construction was done while the road was under full 
operation and under many conditions which tended to increase 
the cost above the normal. 

The principal items tending to increase the cost were the 
large percentage of curves and special work, high price of all 
labor, interference of foreign wire, changes in location of tracks, 
walkways, platforms, buildings, trestles, bridges, etc., necessary 
on account of the electrification, extra heavy traffic on the main 
line, due to the use of fifteen miles of same by a transcontinental 
line for all traffic while a connecting link for this section was 
being built, strike of electrical wiremen, cold weather, varia- 
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tion of ground condition, number of street railway crossings, 
etc., etc. 

It is not likely that the average steam road would encounter 
so many obstacles of this nature in undertaking the electri¬ 
fication of its lines, for seldom would there be found more com¬ 
plications than in this case where the nature of the work being 
required for a mining and smelting industry of such magnitude 
calls for many varieties of structures and conditions not usually 
to be encountered in ordinary railway electrifications. 

The work was begun in the summer of 1912 and was just 
reaching a state of efficient organization when the electrical 
wiremen went on strike tieing up the entire work from June 
to October, about three months of the mcst favorable part of 
the year for such work thus bringing the heavy part of the 
work' in the middle of the winter when the weather at times 
was 20 degrees below zero. During the three months cessation 
of work the engineering and supervision force was continued 
at a very low percentage of efficiency and this delay contributed 
in various other ways to an increase in the cost of the con¬ 
struction. 

Some of the items of expense in connection with changes 
made in existing construction and charged against the distri¬ 
bution system, are approximately 

New telephone line on trolley line poles. 

Changing light, power, telephone & telegraph lines 

Changing street railway crossings. 

Relocating railway tracks. 

Raising drip sheds. 

Changing station platforms. 

Raising wagon bridges. 

Total. 


as follows: 


$7,850.64 

4,273.15 

1,546.65 

815.90 

785.54 

693.29 

361.52 


$16,326.69 


The new telephone lines in the foregoing list were run on 
the trolley line poles and were for the purpose of enabling the 
train crews to communicate with the dispatcher from any loco¬ 
motive on all of which telephone instruments were installed to¬ 
gether with a standard rod for making electrical connections 
with the wires at any point along the line. 

The above list is by no means complete though it gives an 
indication of the various items represented in the total costs 
of the system. 

Combining eleven payrolls gives the following classification 
of labor: 
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Days 

Avge. Approx, 
per day 

Total 


27 

3.08 

$110.58 


26 

3.76 

97.78 


17 

4.40 

75.56 


15 

4.33 

64.91 

Electricians u u . 

3,580 

2 

5.71 

20,544.09 

Pipefitters u u . 

3.80 

7.69 

Laborers.. 

3,035 

3.56 

28,611.53 

. 

35 

3.25 

106.96 

Electrical foreman... 

835 

6.35 

5,300.62 

Foremen. 

665 

6.06 

4,030.82 

Clerks. 

500 

3.35 

1,670.42 


Totals.... 

13,737 

$4.41 

$60,620.96 



These eleven payrolls represent the principal items of labor 
in connection with the erection of the trolley and feeder wires, 
being that for the regular forces engaged in this work and 
charged against account No. 22, Table IV. 

Time and a half was allowed for all overtime and double 
time for Sunday work in the case of electrical workers. 

Wages and perhaps most materials are somewhat higher in 
this locality than in any to the east of it or than in most any 
other of the western states. 

The operation of the overhead system as a whole has been 
quite satisfactory in every respect for there have been prac¬ 
tically no troubles with it or delays to traffic on account of it. 
There were two instances of wires slipping in the splicing sleeves 
due to the wedges not being properly driven up. One of these 
instances was in connection with the trolley wire and the other 
with the messenger. In both cases the results were negligible 
as in the first the trolley hangers slid back along the messenger 
much as the rings hanging a curtain slide along the supporting 
wire until the tension was all out, the trolley being held clear 
of the ground by the messenger; while in the second instance 
the messenger slid back through the loop of the hanger until 
the tension was relieved but was supported clear of the ground 
by the trolley wire, no harm resulting. All that was necessary 
to remedy the trouble in either instance was to pull the parted 
wire back into position and properly wedge it into the sleeves. 
There have been two instances of the trolley wire parting due 
to improper welding of the metal in manufacture and other 
similarly negligible instances common to such installations. 
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The most serious interruption that occurred was originated by 
the blasting out of some old bridge piles by the section men of a 
paralleling railway. A fragment of the pile was blown against 
a telephone wire, carrying it across the 2400-volt trolley. This 
telephone wire ran through the switching boards in all the sta¬ 
tions along the line, some of which had not then been provided 
with the proper protecting devices. The result was that the arc 
set fire to some of the boards, and in one where the operator 
happened to be temporarily absent at the moment, the building 
was burned, setting lire to adjacent poles and parting both the 
trolley and messenger wires. 

At the other stations involved where the operators were pres¬ 
ent and could give prompt attention to putting out the arc 
started, no serious damage resulted. 

The maintenance men who took charge of the trolley system 
were put on October 1, 1913, consisting of a foreman and two 
linemen who could requisition other assistance when occasion 
demanded. The cost of maintenance from this date up to and 
including March 31st, 1915, covering the first 18 months opera¬ 
tion is given in Table V. 

Beginning with July, 1914, these accounts were kept more in 
detail. These expenses include some rearrangements of feeder, 
etc., and the cost of some special instruments for bond testing 
and tools. The average cost of the maintenance of the distri¬ 
bution, system inclusive of the track bonding for the 18 months, 
has been at the rate of $109.13 per track mile per year. 

Taking the last nine months, during which the costs were 
segregated more completely, gives the following results: 


■ 

Poles 

and 

fixtures 

Trolley 

Feeder 

Bonding 

Misc. 

Total 

Labor. 

$1915.35 

$2115.60 

$460.75 

$453.45 


4945.15 

Material. 

71.80 

32.74 

601.09 

488.58 

367.94. 

1562.15 

Total. 

$1987.15 

2148.34 

1061.84 

942.03 

367.94 

$6507.30 

Rate per year,. 

2649.53 

2864.45 

1415.79 

1256.04 

490.59 

8676.40 

Rate per year per mile of 
track,. 

29.12 

31.48 

15.55 

13.80 

5.39 

95.34 

Per cent labor. 

96 

98 

43 

48 


76 

“ material. 

4 

2 

57 

52 

100 

24 

u of total,. 

31 

33 

16 

15 

5 

100 
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To ascertain the rate of wear on the trolley wire, measure¬ 
ments were recently made on the Smelter Hill line where the 
traffic is heavier than at any other point and where the electric 
service has been in operation longest, or just about two years. 

The original diameter of the wire vertically was supposed to 
average about 0.482 inch. The minimum diameter found where 
the measurements were carefully made was 0.470 inch. The 
average of a number of measurements was 0.475 inch. It is 
usually considered safe to allow a 4/0 trolley wire to wear down 
to 0.350 inch thus allowing a wear of 0.132 inch. If the maxi¬ 
mum wear of 0.012 inch as found for the two years is taken as 
the average during the useful life of the wire, which is at the 
rate of 0.006 inch per year, the wire can be expected to last 22 
years. At this portion of the line there has been an average of 
approximately 50 passages of pantagraph rollers per day which 
for two years would be an aggregate of 36,500 passages or 18,250 
per year indicating 3041 passages per thousandth of an inch wear. 

It is perhaps questionable as to whether the first few months 
wear on the trolley wire would be at the same rate as after the 
contact surface had become greater. The outside surface of the 
wire might be slightly harder than the interior and thus the 
wear be less at the beginning, while on the other hand when the 
wire is new the contact area with the roller is quite small and the 
pressure per unit area together with the increased current density 
might cause more rapid wear. From such data as is at hand it 
would appear that the rate of wear on the trolley is greater at the 
beginning and decreases as the contact area is increased. Ex¬ 
tensive tests with a sliding contact, where the operating condi¬ 
tions were varied as to the amount of tension against the trolley 
wire and current collected, almost invariably indicated that the 
rate of wear decreased as the area of contact increased, and there 
seems no reason to suppose that the same would not be true in 
the case of the roller collector, so that the average life of the trol¬ 
ley wire in this service should not be less than 20 to 25 years. 

The roller collectors adopted for the service and described in 
the beginning of this article have performed their work in general 
equally as well as had been expected of them, though at the begin¬ 
ning of the electrical operation a number of minor improvements 
were found desirable. The rollers were operated against the 
trolley with an upward pressure of approximately 35 lb., the prac¬ 
tise being not to readjust so long as the tension was not above 38 
or below 33 lb., at the average operating height. 
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The first difficulties experienced with these rollers was from the 
sticking of the roller in the bearing, which resulted m their slid¬ 
ing along the trolley wire causing a flat spot or groove which ren¬ 
dered the roller unfit for further service, if not detected at an 

early stage. , ,< 

This sticking was first due to the imperfect alignment of the 
clamping jaws which held the ends of the spindle passing through 
the roller and on which the bushings revolved. As the bearings 
consisted of four bushings 1| in. long, being arranged in P^rs, 
one at each end with a space of one inch between the two bush¬ 
ings of each pair, thus making each bushing substantially four 
inches in length, it was possible to clamp the ends of the spindle 
so tightly as to spring it out of line and cause it to bind m the 
bushings until it did not revolve with the ordinary friction offered 
bv its contact with the trolley wire. This trouble was overcome 
by more care in the adjustment of the clamps. A little later 
the caps in the bearing heads began to loosen until they bound 
the roller between the clamps and caused them to slide as before. 
A set-screw was provided which prevented the unscrewing of the 
caps and no more trouble from the sliding of the roller was ex¬ 
perienced until extremely cold weather came and heavy frost 
accumulated on the trolley wire which, on being knocked off 
by the roller lodged on top of the 2 finch “ T ’’-iron brace or 

hooker frame support underneath the roller with about 1/16 inch 

clearance, where it piled up and finally clogged the roller causing 
the sliding of same with results as heretofore. 

This difficulty was met by increasing the clearance of both the 
brace and the roller and inverting the “T” so that the web was 
on the bottom and thus did not offer so large an area for the col¬ 
lection of the frost. Fig. 13 shows the results of the roller sliding 
from any cause. 

Another defect that threatened trouble at an early stage was 
the removable cast iron wearing plates screwed on to the para¬ 
graph head at each end of the roller and intended to guide the 
trolley wire smoothly from the horn onto the roller. 

It was found quite difficult to keep this plate in proper align¬ 
ment with the roller owing to the wearing down of the bushings 
and the increase in the end play of the roller which allowed the 
trolley wire to hang in the gap between the wearing plate and the 
end of the roller, and when this condition was not remedied 
promptly a groove was soon worn at this point which often made 
the replacement of the plate necessary and sometimes that of 
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the roller tube as well. This difficulty was removed by the ap¬ 
plication of a new type of wearing plate which extended out 
slightly over the roller with a prong on either side gradually 
dropping below the line of the top of the roller so that the wire 
passed from one to the other so gradually that there was no point 
where the wire was inclined to catch. The lower end of this 
wearing plate extended out over the upper end of the horn in a 
similar manner and avoided the necessity of such careful fitting 
as had been required with the old type where butt joints were 
used. The new wearing plate is shown in Fig. 21. 

The sleeve bearings with oil lubrication were fairly satisfactory 
in the freight service where the average speed was from 15 to 
30 mi. per hr., but when the passenger service was started, re¬ 
quiring a schedule speed of 26 
mi. per hr., with maximum 
speeds of 45 to 50 mi. per 
hr., the bushings wore out 
very quickly, which allowed 
the oil to be carried out 
along the spindle and thrown 
off, falling on the roofs of 
the locomotive and the cars, 
making it necessary to re¬ 
plenish the oil at the begin¬ 
ning of each trip. 

When the bushings became 
worn the roller vibrated con¬ 
siderably, causing more sparking at the contact with the trolley 
wire and often breaking the truss rods used for bracing the 
pantagraph frame. In some instances these bushings were 
badly worn before they had made 200 miles. 

Experiments were made with grease lubrication, which gave 
promise of good results and which led to some slight modification 
of the bearings and to a general substitution of grease for oil as 
a lubricant. Fig. 22 illustrates the original bearings. 

In the meantime tests were being made with a special roller 
bearings and the results had been so encouraging that it was 
decided to substitute these for the sleeve bearings in all the rol¬ 
lers as the latter wore out and required to be renewed. Fig. 23 
illustrates the adaptation of the roller bearings to the original 
bearing housings, and Fig. 24 shows their installation in the 
later rollers designed for this purpose. 



Fig. 22—Original Roller De¬ 
signed for Use of Sleeve Bear¬ 
ings with Oil Lubrication 
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The total locomotive-miles made by the electric locomotives 
up to the end of March 1915, was 927,234. The number of 
roller tubes received by the railway company up to that date was 
123, including those that came on the locomotives and extra 
pantagraphs, bought for spare parts. 

On this date the roller tube stock was as follows: 

5 New rollers complete in pantagraphs. 

29 New tubes in stock. 

20 Partially used tubes on locomotives. 

10 Partially used tubes in stock. 

Total 64 Tubes used and unused, 34 of which are new and 30 partially worn, leaving 
59 tubes that have been replaced. 




Fig. 23 —Original Housing Modified and Fitted with Roller 

Bearing 


The master mechanic estimates that the 30 partially used 
tubes are on an average about half worn out, on which basis the 

927 234 

average miles per roller would be —— = 11,750, or suppos¬ 
ing that these tubes were two thirds worn out, the average mileage 

Q97 994 

per tube would be—“— = 11,030 miles. 

In this connection it should be noted that eleven of the 59 
abandoned tubes were removed before they had been in service 


* 
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many miles, on account of the rollers sticking and sliding along 
the trolley until a groove was cut in them, as shown in Fig. 13. 
Some of these tubes were thus injured during the commencement 
of electrical operations before the defects had all been remedied 
but most of them were caused by the frost freezing the roller to 
the T-iron brace underneath, mentioned elsewhere. 

A large percentage of the above mileage was made before all 
the sleeve bearings were replaced by roller bearings or the clear- 
ance of the roller above the T-iron had been increased. 

Comparatively few rollers that were fitted with the roller 
bearings when new, have yet had to be replaced, one such, which 
had been in the passenger service where the average current 
collected is not so great as in the case of the freight service, though 
the speed is considerably higher, made 26,880 miles before it was 



Fig. 24 —New Bearing Housing as Fitted in Old Tube by Railway 

Company 

replaced and the average mileage of all tubes with roller bearings 
at the present time is approximately 16,000 miles indicating 
that the roller bearings are responsible for an increase of about 
35 per cent in the average life of the rollers. 

The old sleeve bearings with grease lubrication had to be re¬ 
newed about each 5000 to 6000 miles, thus requiring about two 
sets of bushings during the life of a tube. The roller bearings 
after making 26,880 miles were in perfect condition and it is 
difficult to judge what mileage they will make, but from present 
indications it is reasonable to expect that they will make at least 
100,000 miles per set. It costs approximately $2.92 in labor and 
material to renew a set of the old bushings. 

The cost of substituting the roller bearings for the bushings 
was approximately $2.20 for material and $2.25 for labor, or 
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$4.45 per roller. It will thus be apparent that the change was 
even more important from the point of saving in maintenance of 
bearings than from increased life of the rollers. The roller 
bearings require comparatively little attention, a small quantity 

of fresh grease being inserted __ 

at each regular inspection of 
the engine. 

The general repairs to the 
entire pantagraph have been 
likewise affected as the de¬ 
creased vibration has stopped 1 
almost all pantagraph 
troubles. 

The repairs to other parts 
of the pantagraph during the 
past six months just passed FlG - 25 Latest Type of Roller 

i * . . Specially Designed for Use with 

consisted of renewing six ^ ^ 

wearing plates, the replacing 

of two horns and one cross-bar. The average cost of main¬ 
tenance of the original pantagraphs with the sleeve bear¬ 
ings was about $185.00 per month or approximately $3.20 per 
1000 locomotive miles. The present corresponding cost of this 
maintenance is about $35.00 per month or 62 cents per 1000 


2 Wraps around pole 

span and guy 1 Crosby and 1-3 bolt clamp 
\ for each joint 
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12' Rake 24' above top of rail. 
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3*3*ywasher 


Fig. 26 Dimensions of Cross-Catenary Span Construction, Four 
Tracks, B. A. & P. Ry. 


miles, showing a decrease of approximately 81 per cent in this 
item. 

It was found in practise that the wooden lining originally 
pressed inside the tube was unnecessary and this was left out 
when the new bearings were installed. 
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The operation of these roller pantagraphs is, therefore, con¬ 
siderably more efficient than had originally been expected. 

Two 500,000-cir. mil feeder cables in multiple for the trolley 
and one 4/0 cable for the track return circuits were run on the 
trolley line poles between the two substations and other trolley 
feeders run to the yards which were fed separately or in pairs, 
as per Fig. 12. 

Voltmeter and ammeter readings were taken on a number of 
trains to ascertain the drop in voltage and energy consumption 
a summary of which is given in Table VI, from which it will be 


TABLE VI. 



Smelter hill service. 


Main line service 


East Anaconda to concentrator 

Rocker to East Anaconda 


Train 
No. I 

Train 
No. 2 

Train 
No. 3 

Average 

Ana¬ 
conda to 
rocker 

Rocker 
to Ana¬ 
conda 

Average 

No. of cars in train.. . 

18 

21 

25 

21.3 

64 

57 

60 

Gross wt. tons. 

1420 

1580 

1910 

16 33 

1335 

4150 


Ton-miles, gross. 

9940 

11060 

13370 

11431 

26700 

83000 

54850 

Schedule speed. 

16.1 

16.2 

14.2 

15.5 

20.1 

20.1 

20.1 

Avge. amperes-total.. 

580 

583 

667 

610 

366 

380 

373 

Avge. volts. 

2327 

2277 

2276 

2293 

2325 

2345 

2335 

Avge. kilowatts. 

1350 

1327 

1518 

1398 

85,2 

891 

872 

Max. amperes. 

860 

640 

800 

767 

624 

640 

632 

Maximum volts. 

2456 

.2419 

2456 

2444 

2475 

2435 

2455 

Max. kilowatts. 

1951 

1500 

1733 

1728 

1368 

1510 

: 1439 

Total kilowatt-hrs... 

580 

560 

746 

629 

<352 . 

654 

753 

Watthours per ton- 
mile. 

61.4 

50.6 

55.82 

55.02 

31.91 

7.87 

13.73 

Minimum volts. 

2250 

2119 

2100 

2156 

2175 

2175 

2175 

Max. drop- per cent.. 

8.4 

12.4 

14.5 

11.8 

12.1 

10.7 

11.4 

Avge. drop per cent... 

5.3 

5.9 

7.3 

6.9 

6.0 

3.6 

4.9 


seen that the maximum drop in voltage obtained was 14.5 per 
cent, while the average drop for all readings was 5.6 per cent. 

The readings making up the averages given were taken at 
30-second intervals for entire trips on locomotives in regular 
service hauling normal trains under average operating conditions 
and are, therefore, fairly representative of general results. How¬ 
ever, there has been a gradual increase in the weight of the trains 
which might slightly affect the average drop in voltage. 

It may be of interest to note that repair work on the 2400- 
volt trolley line is done from an ordinary wooden work car with- 
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out special insulation, with full voltage on the line, and there has 
been no serious cases of shock to the workmen. 

In wet weather it is not considered safe to work from this car 
with full potential on the line, but there should be little diffi culty 
in constructing a tower car which would make it quite safe under 
any ordinary conditions. 

The writer wishes to thank herein Mr. C. A. Lemmon, Chief 
Engineer, and Mr. C. H. Spengler, Master Mechanic of the 
Butte, Anaconda & Pacific Railway, Mr. R. E. Whde, now 
Ass’t. Electrical Engineer of the Chicago, Milwaukee & St. Paul 
Ry., who had personal charge of the construction of the Butte, 
Anaconda & Pacific distribution system, and-Mr. C. J. Hixson 
and staff, for assistance kindly rendered in obtaining the data 
contained in this article. 
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Deer Park , Md., July 1, 1915. 
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THIRD RAIL AND TROLLEY SYSTEM OF THE WEST 
JERSEY AND SEASHORE RAILROAD 


BY J. V. B. DUER 


Abstract of Paper 

The paper recites the details and cost of construction of the 
contact systems as originally installed and subsequently modified 
and extended, including third rail, third rail insulators, protec¬ 
tion, joint and cross bonding, track bonding and trolley struc¬ 
ture. Operating experiences, as creepage of third rail, sleet 
formation on third rail, deterioration of rail bonds and deten¬ 
tions to train movements chargeable to failure of these struc¬ 
tures, are related. The cost of maintaining_ the various con¬ 
tact structures for seven consecutive years, in cost per single 
track mile per year, is presented. Results of actual measure¬ 
ment of third rail and track resistances are also given. 


A DETAILED description of the route, arrangement of tracks 
and electrical equipment of the electrified portion of the West 
Jersey & Seashore Railroad has previously been published,* 
therefore none of this matter will be presented here. 

The original contact system consisted of the following single 
track mileage: 

Third Rail. Trolley. 

Main line,.127.12 miles Main Line,.18.61 miles 

Sidings,.. . 4.61 miles Sidings,..00.04 miles 


Total,.131.73 miles 


Overlapping third rail. .00.91 miles 


Total.19.56 miles 

Substations are located approximately 10 miles apart and no 
third-rail feeders are used. The substation bus voltage is now 
maintained at 700. Trains of from two to seven cars are op¬ 
erated. 

Details of Construction 

Third Rail. The third rail throughout is of the P. R. R. 
Standard cross-section and composition. The rails are in lengths 
of 33 feet, weigh 100 pounds per yard and have a conductivity 

*Electrical Operation of the West Jersey & Seashore Railroad, B. F. 
Wood, Trans. A. I. E. E., Vol. XXX, 1911, p. 1371. 

1517 








1518 


DUER: CONTACT SYSTEMS 


[July 1 


about equal to that of a copper rod 1,200,000 cir. mil. The 
composition is as follows: C, 0.62 to 0.75; Si, 0.5 to 0.20- 
Mn, 0.80; Ph, 0.03; and S. 0.05 per cent. 

Each rail joint is bonded with two copper ribbon bonds of 
500,000 cir. mil area each, concealed under special splice bars, 
having solid copper terminals compressed into one-inch holes 
drilled in the rail, as shown in Fig. 1. The rails were drilled for 
the bonds by hand and the bond terminals were compressed by 
screw compressors. ' 




SECTION 

Fig. 1—Third Rail Bond Assembly and Special Splice 


. thlrd raxl end approaches are made of cast iron as shown 
m lg ' or der that no special insulator need be made to 

support the end approach, the bottom of which is of different 
shape than the bottom of the rail, a cast iron chair, Fig 3 is 

18 designed t0 fit the re gular insulator and to center 
and hold the end approach thereto. The side approach, used at 
cross-overs, consists of a plant mounted at an angle on the side 
oi the rail as shown in Figs. 4 and 5. 

^ M J T f e f ° SSingS and ° ther P laces where continuity of 
the third rail is interrupted, each rail is joined electrically by a 
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Fig. 3—Third Rail End Approach Support 
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cable jumper of 1,000,000-cir. mil area as shown in Fig. 6. The 
cable is drawn into a black bituminized fiber tube, which is laid 
in a solid concrete protection, the stub end of the cable being 
connected to the rail by two bare copper bonds, each of 500,000- 
cir. mil area. A concrete hood fits over the top of the cable 
terminals. 

Fig. 7 shows the relative location of third and track rails, 
w r hich is the same as in the New York Terminal and Long 
Island electrifications. 

Insulators . The third-rail insulators used are of reconstructed 



Fig. 6—Sectional View of Third Rail Jumper 


granite or porcelain, most of which are of the design shown in 
Fig. 8. They are held in position by a metal centering cup which 
is secured in the tie by means of a lag screw. The rail rests on 
the insulator and is not fastened in any way, the arrangement 
preventing strain on the insulators when the ties are depressed 
due to a passing train. The insulators are placed on ties 9 ft. 
4 in. long, spaced approximately eight feet, or every fourth tie. 
A new design of insulator, as shown in Fig. 9, has recently been 
adopted because the method of supporting the top protection 
boards has been changed. This insulator permits of placing 
the protection support on the longitudinal center line of the 
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Fig. 4—View of Third Rail Showing End Approach, Side Approach 
and Protection 


[duer] 

Fig. 5—View of Third Rail Showing Arrangement at Crossover, 
Prior to Completed Installation of Protection Board 


















Fig. 7—Relative Location of Track and Third Rail 



Fig. 8—Third Rail Insulator—Original Design 
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tie, the bottom of the support with its lag screw heads forming 
a centering device for the insulator, as shown in Fig. 10. This 
insulator is used for renewals as it becomes necessary to replace 
the old insulators. 



Fig. 9—Third Rail Insulator—New Design 


Protection. Originally the third rail was equipped with pro¬ 
tection only at stations, 75 feet on either side of road crossings, 
and in terminalTyards, and the construction was as shown in 
Figs. 11 and 12. The bottom casting, attached to the rail by 



Fig. 10 Method of Supporting Protection w t here New Insulator 

is Used 


a hook bolt, which supports the whole protection structure, is 
shown in detail m Fig. 13. A maple post, attached to the bottom 
casting by a bolt, supports the top casting, Fig. 14, to which are 
bolted the ends of adjacent top protection boards of two-inch 
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plank which average seven feet in length, this distance therefore 
being the spacing of protection supports at stations. At end 
approaches the top protection board extends slightly beyond the 
last support, therefore the top casting here is modified by 
eliminating a part of the vertical web, as shown in Fig. 15. 
The bottom casting, Fig. 16, is also modified to fit the end ap¬ 
proach casting. 

Opposite all station platforms, the rail is further protected 
by a plank fastened to the side of the rail. In most instances 
the third rail is located on the side of the track farthest from the 
station platform. To prevent persons on the platform from 
coming in contact with the contact shoes on the platform side 



Fig. 11—Third Rail Protection—Cross-Section 

of the car, there is a protection board mounted flush with the 
platform and supported on castings fastened to the ties. See 
Figs. 17 and 7. 

During the early part of 1912, top protection was added to all 
unprotected rail. Instead of using the old form of attachment 
to the rail itself, the board is supported by wrought iron brackets 
attached to the long ties carrying the insulators, as shown in 
Figs. 18 and 19. Adjacent boards are joined together by means 
of a wrought iron plate. The wood used in the original pro¬ 
tection was not treated in any way but was given several coats 
of paint after installation; that used in this latter installation 
was given two coats of hot creosote. 
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Trolley Wire. Originally, a trolley wire of span type construc¬ 
tion was used instead of third rail between Newfield and Millville, 
10 single track miles, and between South Gloucester and Haddon 



Avenue, Camden, 9.56 single track miles, on account of these 
"districts being thickly settled and the tracks at grade, but in 
March, 1910, the trolley wire on the Millville Branch was replaced 
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Fig. 14—Third Rail Protection—Top Casting 


by third rail of the same construction as that of the rest of 
the road. The trolley wire is No. 4/0 grooved section, supported 
by f inch galvanized steel stranded span wires at a height of 
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Fig. 22—View of Camden Yard 


[duer] 


[duer] 

Fig. 12—View Showing Original Protection, End Approach and 

Cable Jumpers 
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22 feet above track rails. The supporting poles are mostly of 
wood and are spaced at a distance of 100 feet. Through 
Camden, tubular steel poles are used and, wherever practicable, 



h-i’SWfv 

Fig. 15—Third Rail Protection at End Approach—Top Casting 


the high tension transmission poles are used as supports. There 
are two 750,000 cir.mil.feeders between South Camden Substation 
and Haddon Avenue, Camden, and one 500,000 cir. mil. feeder 



t-3)4'.-*| 

Fig. 16—Third Rail Protection at End Approach—Bottom Casting 


between South Camden substation and South Gloucester. 
The feeder formerly used between Newfield and Milville was 
750,000 dr. mil. area. Multi-gap lightning arresters are installed 
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approximately 1000 feet apart. All pull-offs, strain ears, feeder 
ears and splicing sleeves are of bronze and of standard pattern. 
Track Bonding. The track rail joints are bonded similarly 



Fig. 17—Platform Protection Support 



Fig. 18—Detail of Third Rail Protection Bracket 

to those of the third rail except that two bonds of 400,000 cir. 
mil area each are used. Bonds composed of 40 copper ribbons, 
7/16 in. by 0.0225 in., were originally used, but experience 
showed that the ribbons were too readily broken close to the 


i 
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terminals due to the vibration of the joints, therefore stranded 
wire bonds of the same total area are now used with greater 
success. The original bonding was done without interruption 
to traffic and all holes were drilled by hand, one splice bar 
being kept in position to provide for the safe passage of trains. 

Third Rail Cross-Bonding . Opposite each substation a wood 
insulating block is inserted in the third rail of each track, thus 




Pig. 19 —General Arrangement of Protection Added in 1912 

sectionalizing the third rails at these points. Originally the 
third rails of all tracks were electrically connected together 
midway between substations through fused sectionalizing 
switches, normally kept closed to obtain the combined conduc¬ 
tivity of all rails, so arranged that any of the four sections could 
be disconnected from the rest of the system in the event of 
trouble or heavy repairs. So little trouble with the third rail 



has been experienced, however, that there was no advantage 
attached to the sectionalizing feature and the switches were 
therefore removed and the third rails were permanently bonded 
together at this point and at two other points between most 
of the substations, as shown in Fig. 20, to obtain greater con¬ 
ductivity. In terminal yards where there is more likelihood 
of third rail trouble, the rails of the various tracks are fed 
through fuses and sectionalizing switches, so that if trouble 
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develops on one track, that section of the yard can be isolated 
from the rest. The arrangement in Camden Yard is shown 
in Pigs. 21 and 22. The fuses here are of 1600-ampere capacity. 

Cost of Construction 


The original cost of construction was as follows: 



Miles 

Total cost 

Per mile 

Third rail, including rail, bonding, insu¬ 




lators, protection, etc. 

131.73 

$557,636.00 

$4,235.00 

Trolley wire, including wire, poles, line 




material, lightning arresters, etc. 

19.56 

80,500.00 

4,120.00 

Track bonding. 

151.29 

102,659.00 

678.50 


The cost of replacing the trolley wire with third rail between 
Newfield and Millville is given in„Ta-ble I. " ; 


Operation and Maintenance Experiences 
Shortly after the third rail was placed in service it began 
to creep in the direction of traffic, with attendant tightening 
and straining of the jumper sub-end bonds and breaking of 
insulators. The insulator ears were broken off on curves by 
the buckling of the rail and on tangent track by the strain im¬ 
posed upon them when the protection supports, attached to 
the rail, were brought against the insulators when creepage 
occurred. To overcome the difficulty, the third rail was an¬ 
chored to the ties at intervals of from 1000 to 1500 feet and the 
practise of periodically loosening the splice bars and oiling the 
joints was instituted. This eliminated the creepage, but the 
anchors frequently gave trouble by breaking down in insula¬ 
tion, causing delays to traffic, when it was found that the loosen¬ 
ing and oiling of the joints in itself gave satisfactory results 
and all the anchors were removed. The joints are now oiled 
by the patrolmen every spring and fall. The protection added 
in 1912 was held by supports attached to the ties, as previously 
explained, thus holding it stationary and independent of the 
movement of the rail. 

Although sleet-cutting shoes were used on the cars during 
seasons when sleet was likely to form, with the provision of an 
extra tension device for applying a tension on the shoe of from 
90 to 100 pounds, considerable trouble was occasioned by 
sleet, resulting in numerous delays to traffic. Cars specially 
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fitted with calcium chloride tanks, with means for 
same and distributing on the rail whin t, T ! heating 
the road b y steam l„Ut , s whel“« t*"tT °'l 
.has minimizes tronble as m uch as Th/Sti^ 

T4BLE I 

COST OF REPLACING TROLLEY” WITH THIRD patt -Dr^n^-n 
—_ AND MILL™ ^ IL BETW EEN NEWFIELD 



Frei8ht ' etc . 171.30 


Splices, 
Labor, 


526,713.70 52,534. 


64 


Material,...”""'*.* , 

. 1,155.58 


Bonding, 
Labor, 


Freight . .. ::::: 


Insulators, 
Labor.... 
Material,. 


■$ 175.24 

• 2,153.05 


Long Ties, 

Difference between cost of long 
and standard ties,. 


Total. 


Cable Jumpers, 

Labor,. 

Material..* 927 • 00 

Freight,. .. 2 ’ 9 l 4 ' 7 h 

Protection (road crossings and sta- 
tions only) 

Labor,. 


1,160.59 

4,491.89 

2,328.29 

1,863.20 


110.50 

427.80 

221.74 

177.50 


136,557.67 53,481.68 


5 3,871.57 


Long Ties, 

Substituting for short ties, 
Labor. 


1,953.91 


108.06 

I S 2,559.56 


■ • ■$ 2,065.00 

2,065.00 


5 113.87 per cross¬ 
ing 


0.1347 per foot 
196.50 per mile 


a great ma£y cases^ut f0rmation in 

driving wind accomnanies +f • tlus res P ect when a 
event the chloride cars are used “ Whi0h 
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The trolley wire is given rigid and frequent inspection to locate 
defects before failures occur. The maintenance cost is about 
six times that of the third rail, as may be seen by reference to 
the table under the heading “ Maintenance Costs .” 

Third-rail bonds require practically no attention as tests 
indicate little change in their resistance. Road crossing jumpers 
gradually deteriorate and occasionally develop defective insu¬ 
lation and burn out. Due to the vibration of the track rails 
at joints, the track bonds' require testing and partial renewal 
every six months. Any joint showing a resistance equivalent 
to eight feet of rail or over is marked for rebonding. The follow¬ 
ing table shows the results of a number of track bond tests. 


Date 

Joints 

tested 

Joints 

defective 

Per cent 
defective 

October, 1909 

46,633 

716 

1.53 

May, 1910 

46,633 

378 

0.81 

October, 1910 

46,633 

381 

0.82 


The testing is done by three men working together, and 
between 5000 and 6000 joints can be tested in 10 hours. 

Maintenance Costs 

The cost of maintaining trolley, third rail and track bonding 
systems for the past seven years is given in Table II. The 
maintenance cost of each system includes the amounts directly 
chargeable to that system and a pro rata charge for general 
expenses as follows: Superintendence; Maintenance, Labor and 
Material; Tools and Supplies; Proportion of Expense of Pur¬ 
chasing Department; Telephone Operation; Stationery and 
Printing; Tower Car Service for Trolley; Operation of Chloride 
Cars for Third Rail; and Bond Testing for Track Bonding. 
Credit is applied for all scrap material of value. The average 
maintenance cost per mile per year is also expressed in per 
cent of the construction cost per mile. 

Train Detentions Chargeable to Contact Systems 

Summary reports showing train detentions for all causes 
are not regularly prepared; such reports for the years 1909 
and 1912, however, are available and show the detentions 
chargeable to the contact system as given .in Table III. 



1532 


DUER: CONTACT SYSTEMS 


[July 1 


TABLE II 

WEST JERSEY AND SEASHORE RAILROAD ELECTRIC TRAIN SERVICE 
Maintenance Cost per Single-Track Mile per Year. 


Year 

Trolley 

Third Rail 

Track bonding 

1908 

$424.25 

$53.52 

$15.74 

1909 

391.81 

71.23 

21.18 

1910 

510.44 

76.65 

15.28 

1911 

376.05 

% 111.99 

17.46 

1912 

642.44 

99.10 

21.47 

1913 

636.10 

86.16 

44.95 

1914 

450.67 

73.54 

44.82 

Average 

$490.25 

$81.74 

$25.84 

Per cent of 




investment 
per mile 

11.90 

1.93 

3.77 


TABLE III 

WEST JERSEY AND SEASHORE RAILROAD ELECTRIC TRAIN SERVICE. 


Train Detentions Chargeable To Contact Systems. 

Year 1909. 

Single-Track Miles of Third Rail, 131.73; Single-Track Miles of Trolley 19.56. 



Numbei 

detentions 

Minutes 

detentions 

Car miles 
per minute 
detention 

Total 

Per cent 
of total 
for all 

causes 

Total 

Per cent 
of total 
for all 

causes 

Third rail short circuits. 

3 

0.032 

14 

0.031 

293,340.40 

Third rail out of place... 

1 

0.011 

8 

0.019 

513,345.13 

Third rail anchor on fire. 

1 

0.011 

5 

0.011 

821,353.00 

Third rail protection out of place... . 

1 

0.011 

1 

0.002 

4,106,765.00 

Sleet on third rail. 

47 

0.510 

812 

1.818 

5,057.59 

Trolley wire trouble. 

253 

2.742 

1920 

4.299 

2,138.94 


Year 1912. 




Single-Track Miles of Third Rail, 141.73; Single-Track Miles of Trolley 9.56. 

Third rail short circuits. 

14 

0.189 

82 

0.314 

56,673.61 

Third rail out of place. 

1 

0.014 

4 

! 0.013 

1,161,809.00 

Third rail protection out of place... . 

1 

0.014 

20 

0.075 

232,361.80 

Sleet on third rail. 

43 

0.581 

391 

1.509 

11,885.51 

Trolley wire trouble. 

48 

0.649 

272 

1.049 

17,085.43 
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Sleet troubles vary considerably during different years, and all 
detentions due to this cause may occur on one day. The de¬ 
tentions chargeable to the trolley wire are frequent and more 
or less regular. In addition to the detentions from this cause 
given in Table III, are the following: 


Year 

Single track 
miles of 
trolley 

Detentions 

Number 

Minutes 

1908 

! 

19.56 

230 

2864 

1910 

9.56 

63 

927 

1911 

9.56 

46 

165 


Third Rail and Track Resistances 
Resistance of third and running rails, measured by the drop 
of potential method, are given in Table IV. The tests were 
made directly after the rail bonds had been tested and de¬ 
fective ones renewed. Where total resistance of third rails 
and running tracks was measured, the current flowed the 
length of the third rails, in multiple, and returned through the 
running rails, in multiple. 


TABLE IV 

WEST JERSEY AND SEASHORE RAILROAD ELECTRIC TRAIN SERVICE 


Third Rail and Track Resistances. 


No. of con¬ 
tinuous rails 
measured 

Length 

of 

section 

Weight of 
rails, pounds 
per yd. 

Ballast 

No. of 
third 
rail 
jum¬ 
pers on 

sect. 

Weather 

Total 
res.in 
ohms 

Res. 
per mile 
single 
rail in 
ohms 

Totalres. 
per mile 
of single 
track 
with 
third 
rail 

Run¬ 

ning 

Inmul- 

tiple) 

Third 

(In 

mul¬ 

tiple) 

ured 

in 

miles 

Run¬ 

ning 

Third 

6 

0 

3.4 

100 


Stone 


dry 42°P 

.02607 

0.0460 


4 

0 

9.0 

100 


Stone 


U 

U 

.07730 

0.0344 


0 

3 

3.4 


100 


28 

* 

* 

.04989 

0.0440 


0 

2 

9.0 


100 


46 

M 

* 

.23520 

0.0523 


2 

1 

8.1 

100 

100 

Stone 

20 

wet 

u 

.33628 


0.0415 

4 

2 

10.9 

85 

100 

Cinder 

50 

* 

u 

.35172 


0.0645 
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TOP-CONTACT UNPROTECTED CONDUCTOR RAIL FOR 
600-VOLT TRACTION SYSTEMS 


BY CHARLES H. JONES 


Abstract of Paper 

The paper treats of the various factors which enter into 

consideration in the design of a , 60 J ) ' vol ^ cont ^ t „^ 1 L?^ns I ^ 1 et 
The weight of rail to be used depends upon conditions met 
with in each case, but in general, a heavy rail is preferable from 

all The i aues°tior e oTquality is rather indeterminate, but in gen¬ 
eral it is not advisable to use soft steel until the weight has 
been brought up to at least 80 lb. (36.28 kg.) per yard; how¬ 
ever, consideration should be given to it above this 

Insulating and supporting is a mechanical problem which 
m 11 cf* decided noon locnl conditions. 

The method of bonding and jointing to be used depends upon 
size and section of rail used. . With standard rail sections, the 
foot bond is the most satisfactory, and with special sections 
of rail a copper welded joint will be very satisfactory. 

Provision must be made to control the expansion and con- 
traction of rail by cutting it into sections anchoring each of 
these sections. Various methods of connecting rails are aes 
cribed, together with special devices which will required. 

The costs of constructing a single-track mile of contact rail 
usine 50-lb. (22.68 kg.) rail is $3,284.29, while the cost of the 
same amount of 80-lb. (36.28 kg.) rail is $4,028.55. The average 
maintenance cost per mile of rail, exclusive of entire renewal, 
is $80.00 per mile per year. 


r-pHIS PAPER will deal with the various factors which 
I enter into the construction, operation and maintenance of 
a top-contact, unprotected third rail located to one side and above 
the gage line of the track rail, on a heavy 600-volt direct-current 
traction system using a gravity type collecting device such as 
that .shown in Fig. 1. 

The following elements enter into, and should be given con¬ 
sideration, in the laying out of such a system: Weight erf rail; 
quality of rail; insulating and supporting; bonding and joint¬ 
ing; anchoring; special work required; method of connecting 
at crossings; cost of installation and maintenance. 

Weight of Rail. Rail weighing from 40 lb. (18.14 kg.) to 150 
lb. (68.04 kg.) per yard has been used for this purpose. The 
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lighter weights of rail, 40 lb. (18.14 kg.) to 50 lb. (22.68 kg) 
were used almost exclusively on the oldest installations of this 
ype of contact system and have been in service about 20 years, 
this light-weight rail is not as satisfactory as a heavy one, and 
m recent years has been practically abandoned for a heavier rail 
except for yard purposes where it can still be used to good ad¬ 
vantage, since high conductivity is not required, and its life in 
this class of service will be very long. In some instances a 
iron with its flat surface turned up has been used for contact 
raiin yards to good advantage. For main line purposes the 
ignter rail requires closer maintenance, since it lacks the neces¬ 
sary rigidity, its light weight will limit its life, while the installa- 
tion cost will almost equal that for a heavy rail. The later 

“T 1 " c , ontact rail systems lmve used rail fr<n» 

80 lb. (36.29 kg.) to 150 lb. (68.04 kg.) per yard, the larger site 
being used on extremely heavy traction systems The ereat 
advantage to be gained by the use of heavy rail lies in the'fact 
that a large amount of conductivity can be installed for almost 

a lio-htPT - 6 T° Unt 0t lab0t Charge “ that rec l uired to install 

sarib h 1’ C ° ntaCt memberonl y. which will neces- 

sarilj, have to be backed up by a paralleling feeder system, thus 

entailing a large auxiliary charge for a feeder system such as 

cost of pole or duct line, etc. If a paralleling feeder ^tem t 

required, even with an extremely heavy rail, the greatest ad- 

sn n^ a fo ° f heaVy mi1 Wl11 be lost and a medium weight of rail 

resulti kg ° t0 100 lb ' (45 ' 35 kg °’ WiU more satisfactory 

nfSf qUe S°g 0f / ail SeCti ° n iS Cl ° Sely related t0 the matter 
of the werght of rail to be used and is dependent to a great extent 

■?°£ * ga f °5 C ^ ntact raib For weight of rail up to and in- 
u mg 80 lb., A S. C. E. section is a very satisfactory one to 

3; , co ^ dltlons permit it. The distribution of metal is 

uch that it can be easily supported, it is very rigid and is easily 
bonded and jointed. For a heavier rail it will be well to consider 
the advisability of using a special section which will throw more 
metal into the contact surface and thereby increase the life 
The question of supporting this weight of rail is not as serious 
as with a lighter rail which is more easily distorted. On one 
sjs em aving 0-lb. (18.14-kg.) rail that was installed in 1897 

fe n« a 1b a -n ?J earS , 0f USeful life remainin £’ on mother hav- 
g 8-lb. and oO-lb. rail which was installed in 1895 there are 

about six or seven years ot useful life. Another line having 80- 
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lb. (36.28-kg.) rail which was installed twelve years ago shows a 
very small amount of wear up to date. These figures will give 
some idea of the life that can be expected. The length of rail 
may vary from 30 ft. (9.14 m.) to 60 ft. (18.28 m.) and should 
be determined somewhat by the weight. A light rail a P aad 
including 80 lb. (36.28 kg.) may be satisfactorily handled m 
60-ft. (18.28 m.) lengths, thus reducing the amount of bonding. 
For renewal or small repairs on this weight of radL 30-ft. 
(9.14 m.) lengths will be more easily handled and should be used 
although it will be necessary to sacrifice the gam m bonding. 
For rail above 80 lb. (36.28 kg.) in weight, 60-ft. (18.28 m.) 
lengths will be rather difficult to handle and better results can 
probably be obtained with 30-ft. (9.14 m.) lengths. 

Quality of Rail. The conductivity of the rail will va.ry in¬ 
versely with the percentage of carbon or manganese allowed 
to remain in the finished rail. The ordinary run of Bessemer 
rail will have a conductivity of about one-tenth that of copper, 
while a rail with a low percentage of carbon will have a conduc¬ 
tivity one-eighth that of copper, or an increase of about 25 per cent 
in conductivity. The price will increase from 18 per cent to 20 per 
cent on this quality of rail. Increasing the conductivity will make 
the rail considerably softer, thus requiring more careful handling 
to prevent it from being kinked during installation. It is very 
difficult to remove any kinks that may get in it, therefore the 
alignment may be affected. There is no appreciable difference 
in the rate of wear between the low carbon and ordinary steel 
in the class of service referred to in this paper. Whether, or 
not it is advisable to use soft steel for contact rail is a question 
that must be decided for each individual location and for which 
no hard and fast rule can be set down. If it is contemplated 
to use a rail weighing less than 80 lb. (36.28 kg.) there is noth¬ 
ing to be gained, since increased conductivity can be gamed by 
using a heavier weight of rail at a slight increase in cost and a 
greater increase in the advantage of a heavy rail. Above 80- 
lb. (36.28 kg.) rail the question requires careful consideration, 
since the gain in conductivity will cost almost as much as 
equivalent conductivity obtained by adding to. the copper m 
the feeding system paralleling the rail. If by using the possible 
gain in conductivity with soft rail the expense of a paralleling 
feeder system can be eliminated, it will be worth while and 
should be done since it will eliminate the cost of providing a 
pole line or duct system for such feeders. On the other hand 
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there is a certain amount of intangible gain to be obtained 
by having a parallel feeding system, especially with the narrow 
working margin that is assumed when the difference in con¬ 
ductivity of rail would decide the question of whether or not 
a paralleling feeder system would be required. 

Insulating and Supporting. The insulating of contact rail 
for a 600-volt system is more of a mechanical than an electrical 
problem and the type of insulator to be used depends upon local 
conditions, such as the clearance between bottom of contact 
rail and the ground, or whether on the surface or on an elevated 
structure. Impregnated wood, porcelain, reconstructed granite 
and composition insulation have been used with varying re¬ 
sults depending upon the local conditions. Wherever there 
is any vibration, porcelain and reconstructed granite or insula¬ 
tors having any castings bolted together have not been satis- 
actory. In general, an insulator should be so designed that it 
will have a large leakage surface, so as to prevent current leak¬ 
ing across and causing burning during wet weather. It should 
hold the rail from moving sideways, but should allow lateral 
motion during expansion and contraction, otherwise it would 
be tipped or broken with rail movement. It should have a 
large bearing surface with provision for fastening to the tie 
with heavy lag screws which will not rust out quickly. Pig. 2, 
shows a type of impregnated wood insulator which has been 
satisfactory for various sizes of rail from 40 lb. (18.14 kg.) to 
80 lb. (36.28 kg.). The base casting is the same size for all 
weights of rail, and the length of block and size of top casting 
are varied for the different weights of rail. The spacing of in¬ 
sulators will vary somewhat with the weight of the rail but in 
no case should this be more than 10 ft., since a certain amount 
of deflection will occur and cause the rail to wear in spots. With 

TfVi 36 - 28 kg ' :> rail ° n strai £ ht track, insulators placed about 
7 ft. (2.133 m.) apart on tangent track and 5 ft. (1.524 m) on 
curved track give good results. The life of an insulator is from 
10 to 12 years under ordinary conditions, although on one 
system a great many impregnated wood insulators have lasted 
from 15 to 20 years. 

Bonding and Jointing. In order to provide for carrying cur¬ 
rent across joints m the rail it is necessary to provide a low- 
resistance path, since a joint plate does not give good electrical 
contact. Ihis is done by placing a eopper bond or bonds of 
capacity equal to that of the solid rail around each joint. This 
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may be done in several ways, all of which have their respec¬ 
tive advantages and disadvantages. A concealed bond with 
either a pin or pressed terminal under the plate is well pro¬ 
tected, but cannot be readily inspected and if it does fail and 
start to burn in the terminal the hole is usually burned so 
badly that a new bond cannot be put in the same place, therefore 
requiring a different type of bond for replacement. A long 
bond with pressed or pin terminal applied outside of plate is 
easily inspected, but the cost is very.great and mechanical 
protection is poor. A short bond which may be soldered or 
welded to the base or ball of the rail is cheap and easily in¬ 
spected, but is very difficult and expensive to renew in kind 
under traffic. On an installation now 7 under construction a 
cast copper weld is being made at the joints, in the extremely 
heavy rail that is being used, which will serve the double pur¬ 
pose of both bond and joint plate. This wrnuld seem to be a 
very satisfactory method to use on a very heavy special section 
of rail which would be hard to bond and joint in a satisfactory 
method by any other means. On one system a copper plate 
with an iron protection plate w 7 as riveted to the base of the rail, 
thus serving the purpose of both bond and joint plate, but this 
is expensive to install and renew in kind. On standard rail 
section a very satisfactory method of bonding is to use a foot 
bond applied to the underside of the base of the rail with a 
hydraulic compressor, providing there are no mechanical in¬ 
terferences, such as wooden guard rails, lack of clearance to 
ground, etc. This bond is about as small as is possible to make 
a bond. It is easily applied, inspected, is well protected from 
mechanical injury and can abways be replaced in kind. Bonds 
of greater capacity than 500,000 cir. mils should not be installed 
in any but the welded type, due to the difficulty in obtaining 
sufficient contact surface. If larger capacity is required it 
should be divided between two smaller bonds. 

For jointing the rail, both two- and four-bolt plates have 
been used and from the results obtained it is thought advisable 
to use a four-bolt plate for all sizes of rail, since it holds the 
rail more firmly, requires less „inspection and eliminates the 
possibility of having the bolt pulled out of the end of plate as 
sometimes occurs with a two-bolt plate on account of heavy 
strain due to contraction of rail. It will also help out the bond¬ 
ing, due to holding the joint stiffer and preventing slight motion 
of the bond, which has a great deal to do with the breaking of 
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bonds. Where foot bonds are used it will usually be necessary 
to notch out the bottom of the plate to allow clearance for 
the expanded bond terminal. Keeping the joints tight wall do 
more toward maintaining contact rail in good condition than 
any other maintenance operation. 

Anchoring. Due to changes of temperature the length of 
the rail will vary and to control the variation in length it is 
necessary to provide some means to force this expansion to take 
place along proper lines. This is done by cutting the rail up 
into lengths of from 1000 to 1200 ft. and anchoring it in the 
center of these stretches so that when it expands and contracts 
it will take effect in predetermined locations. The method of 
anchoring will depend on local conditions. On surface track 
that is not provided with a wooden guard rail the rail may be 
anchored by attaching several strain insulators of substantial 
strength in multiple to an iron plate which in turn will be ex¬ 
tended over and bolted to several ties, the other end of 
these insulators to be fastened to the base of the contact rail. 

If a wooden guard rail is used an anchor block consisting of 
a piece of 6-in. by 8-in. oak 2 ft. long, impregnated with a wood 
preservative, may be attached to this guard rail and the contact 
rail in turn is bolted to this block. If it is thought advisable, 
a set of porcelain insulators may be placed between this block 
and the guard rail. These openings between stretches of rail, 
commonly called expansion gaps, may be made in several ways. 
One of these is to use a plate with a slot in one end instead o 
a hole, using long bonds with a loop of slack in them to take 
care of the change in length. This is not very satisfactory 
on account of the ends of the rail wearing very rapidly at this 
joint, and pounding is soon caused by trolley collectors. An¬ 
other method is to cut and fit two adjacent ends of rail as shown 
in Fig. 3, connecting a long bond around the joint. This will 
give a good running surface and will take care of considerable 
expansion. The best method of providing the expansion gap 
is to end each run of rail with a suitable incline, leaving a three- 
foot space between the stretches of rail. In a good many cases, 
especially on surface track, it will not be necessary to have an 
opening in the contact rail, due to street crossings, special 
work at cross-overs, etc., which will take the place of this ex¬ 
pansion gap. Fig. 4 shows a good method of anchoring short 
lengths of rail, using a wood strain insulator. 
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Special Work Required. Several kinds of special devices are 
necessary to pick up collecting devices (otherwise called trolley 
shoes) from their free position to the elevation of the contact 
rail. The most common of these is the end incline (Fig. 5). 
This is made from a piece of steel rail having the web cut out 
and the ball bent down to meet- the base and a countersunk 
head rivet driven in the end to keep the two parts together. 
This incline should have an angle just sufficient to pick up a 
shoe without causing it to jump, and on the other hand the in¬ 
cline should not be any longer than necessary, otherwise a heavy 
arc will be drawn at the trailing incline when a car leaves the end 
of the rail before it makes contact on the next stretch of rail. 
In some instances a very sharp angle incline has been used on 
the trailing end of a rail, but this is not satisfactory, since at 
any time it might be necessary to reverse traffic on a stretch of 
track and then the incline would be too short, causing shoes 
to jump, thus burning the rail or possibly breaking the shoe on 
the car. At cross-overs where it is necessary to open the main 
contact rail and not leave a space greater than the distance from 
center to center of car trucks without contact rail, it is neces¬ 
sary to place a short piece of rail on the opposite side of the 
track, starting at a point just back of the heel of the switch 
and extending to a point opposite the continuation of the main 
rail which is just beyond the track frog on the track in question, 
so that a trolley shoe on a car going through the cross-over will 
not strike the main rail. This rail is called a lap rail and' in 
general is less than 100 ft. in length. A good method of pro¬ 
viding inclines on this rail is to have the incline formed on the 
end of a full length of rail. Where a contact rail is normally 
placed on the outside of two adjacent tracks and a cross-over 
is located it is not necessary to have a lap rail, but some means 
must be provided for raising the trolley shoe of a car going through 
the cross-over up onto the approaching rail from the side. This 
may be done by one of two methods. One is to provide a side 
incline approach (Fig. 6), which is nothing more than a straight 
switchpoint with a standard end incline formed on the end. 
This device is attached to the side of a main contact rail with 
the thin end of the point opposite the switch point in the track. 
The angle of the approach varies with the angle of the cross¬ 
over. Another method is to put in a drop center rail (Fig. 7) 
in the main contact rails opposite the switch points. The bot¬ 
tom of incline to the drop should be opposite the point of switch 




1542 


JONES: CONTACT SYSTEMS 


[July 1 



in frack, the other end of the drop should be back far enough 
so that the trolley shoe on the car coming through the cross¬ 
over will not hit the side of the main rail. The amount of drop 
in rail should be sufficient so that a shoe hanging in its free 
position over the rail will not touch the rail in the drop. The 
drop rail method is the best, provided there is nothing to in¬ 
terfere with its use, such as lack of clearance between bottom 
of rail at drop and the ground, switch rods, etc. 

In laying out a storage yard with a number of tracks coming 
off of one or more lead tracks, the contact rail layout requires 
careful consideration otherwise it may be found impossible to 
put in sufficient contact rail to provide for proper operation. 
It is desirable to have a continuous contact surface. This may 
be accomplished by using a side incline opposite each turn-out 
switchpoint, or if the yard track centers are not too close, a drop 
center rail may be used opposite each turn-out switchpoint. 
This requires that the distance from heel of switch to point 
of switch on adjacent track should be greater than the distance 
center to center of trolley shoes on a car. If the track centers will 
not allow this arrangement it may be possible to use a combina¬ 
tion of side incline and drop center, one of these being installed 
at every other switch point. If a ladder track is used in a yard 
with double slip switches turning out from each side of this 
track the contact rail problem becomes very complicated and 
practically impossible to carry out if the track centers are made 
too close. The critical distance is determined by the center to 
center distance of trolley shoes on the cars. In one case of this 
kind with an old yard having 11-ft. track centers and a ladder 
track, it was necessary to take out even" other slip switch and 
make its track a turn-out of the adjacent track in order to be 
able to put sufficient contact rail on the ladder track. Around 
special work it is often necessary to use a number of short pieces 
of rail. These should never be shorter than the distance center 
to center of the shoes on a car otherwise a car may stop in such 
a position that both shoes may be off the rail with a piece of rail 
between these shoes. This is called a straddle gap. This will 
make the time between losing and restoring power on a car very 
short, so that in many cases the automatic control apparatus 
does not have time to drop out and the equipment will receive 
a heavy jar. In making section or other open gaps out on the 
line this time element of the control apparatus on cars should 
be given consideration, together with the speed of car at that 
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point, so that the time elapsing between losing power and pick¬ 
ing it up again will allow the control equipment to drop out, 
thus protecting the car equipment. 

Method of Connecting at Crossings. On surface track or e e- 
vated track on solid fill, where it is necessary for one reason or 
another to leave out a piece of contact rail, such as at an expan¬ 
sion gap, cross-over, etc., it becomes necessary to make the 
circuit continuous by using an underground cable installed m 
one of the two following methods. 

First, using clay or fiber duct or iron pipe, pulling the cable 
into this and terminating at each end with a cable terminal for 
protection against break down and enclosing the device with 
some kind of insulating and weather protecting casing. (Fig. 8). 

Second, usin g a steel taped or wire protected lead covered 
and rubber insulated cable, commonly called submarine cable, 
buried in the ground without using ducts and terminating it 
with a cable terminal similar to that described above. The 
connection between these cable terminals and the rail to be 
made with short cable jumpers having' enough slack to take 
care of expansion and contraction of rail. This second method 
is considerably cheaper than the first and is very satisfactory 
where there is no possibility of having to dig up a paved street 
if trouble should occur in the cable. Around yards it is neces¬ 
sary to have many short cable connections between various 
rails and for this purpose the submarine cable works out very 
satisfactorily and it can be attached to the rail without the use 
of a cable terminal by making a short bend on the top and prop¬ 
erly taping and painting to prevent water from getting into 
the cable. This will require more careful maintenance than 
where cable terminals are used. 

Cost of Installation and Maintenance. The cost of installation 
of contact rail will vary with the local conditions, such as weight 
of rail required, whether the work is to be done on surface, solid 
fill elevated track, or elevated track on steel structure. The 
am ount of rail required will determine the price of rail to some 
extent and since this is the largest individual item entering into 
the cost of the installation, the cost of the job will depend on 
this and vary considerably. The working conditions, such as 
outlined above, will determine the cost of labor. The estimated 
costs given herewith are based on the assumption that over 500 
tons of rail will be required and the working conditions are the 
average that are met with on surface track. 
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Cost per mile of single track, using 80-lb. A. S. C. E. standard rail in 60-ft. length. 


5,280 ft. 80-lb.—60-ft. steel—70.4 tons.@$27.40 $1,928.96 

8 80-lb.—End inclines. @> ^.75 38.00 . 

92 Pairs 4-bolt fish plates. @ 1*00 92.00 

704 Insulating chairs.@ -75 528.00 

176 400,000-cir. mil. bonds.@ *90 158.40 

2,112 Lag screws...@ -91 21.12 

4 Anchors.@ 5.00 20.00 

368 Bolts and lock washers.@ *03 11.04 

4 Connecting cables.@ 40.00 160.00 

704 Sawed Ties (Additional Cost).@ *50 352.00 

$3,309.52 

Labor: 

Transportation and delivering rail to job. $ 35.00 

Drilling rail for bonds. 52.80 

Setting up rail and insulators. 96.80 

Installing bonds and plates. 123.20 

Installing and connecting cables. 25.00 

Incidental Labor. 20.00 

$352.80 

Total labor and material. $3,662.32 

Engineering and supervision 10 per cent. 366.23 

"Grand total cost. $4,028.55 


Cost per mile of single track using 50-lb. A. S. C. E. rail in 30-ft. lengths. 


5,280 ft. 50-lb.—30-ft. Bessemer steel—44.0 tons.@$25.50 $1,126.40 

180 4-bolt splice bars.@ .75 135.00 

8 50-lb. inclines.@ 3.80 30.40 

704 Insulating chairs.@ .75 528.00 

364 4/0 bonds.@ .45 163.80 

2,112 Lag screws.@ .01 21.12 

4 Anchors...@ 5.00 20.00 

720 Bolts and lock washers.@ .03 21.60 

4 Connecting cables.@ 27.30 109.20 

704 Sawed ties (additional cost).@ .50 352.00 


$2,507.52 


Labor: 

Transporting and distributing rail.$ 30.00 

Drilling rail for bonds. 88.00 

Setting up rail and insulators. 96.80 

Installing bonds and plates. 218.40 

Installing and connecting cable. 25.00 

. Incidentals. 20.00 


$ 478.20 

Total labor and material.$2,985.72 

Engineering and supervision 10 per cent. 298.57 

Grand total cost.$3,284.29 


The cost of maintaining contact rail will vary during the life 
of the installation from a very low figure during the first few 
years to a maximum during the rehabilitation period when the 
installation reaches a point where it must be practically re- 
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newed, or ties become rotted so that they will not hold the lag 
screws used to fasten down insulators. It will depend on the 
weight of rail used, condition of road bed and will also depend 
on the working conditions under which the necessary mainte¬ 
nance will have to be done. Where it is necessary to have 
traffic diverted from a track in order to do such heavy mainte¬ 
nance as may require temporary openings or joints, etc., on a 
high speed road the cost will go up very fast since the labor 
required to do this may even exceed the actual maintenance 
labor." With rail of 80 lb. (32.28 kg.) or greater weight on a well- 
ballasted roadbed the maintenance for five or six years will 
be practically nothing with the exception of periodic inspec¬ 
tion which should be made to catch any defects before they 
become serious, such as loosening up of the joint plates, re¬ 
placing a defective insulator, shifting of alignment and break¬ 
ing of bond. After this length of time the amount of mainten¬ 
ance will begin to increase due to wearing out of inclines, rusting 
out of joint bolts, etc. At an average cost of $80.00 per mile 
per year the contact rail can be kept in first class condition 
and the insulation changed every 12 years, which is about the 
life under ordinary conditions. This, however, does not include 
complete renewal of rail, plates and bonds, such as will occur 
when the rail is completely worn out, but does include the usual 
maintenance of these items in order to keep them in good 
condition during the life of the rail. 

The costs of installation and maintenance as given in this 
paper are marked as estimates, but they are from the actual 
figures taken from the books of the operating company. In¬ 
asmuch as the work has been done under varying local con¬ 
ditions, the actual figures for various parts of the work have 
been revised so as to give the cost as it would be under the 
average conditions met with. 

The maintenance figure of $80 per mile is arrived at by 
this same method. The actual cost of maintenance on the road 
concerned has been in some doubt during the last two years 
on account of heavy rehabilitation, but the $80 per year is 
our experience of what is required for maintenance costs of the 
third rail contact system during the life of an installation. 







Presented at the 32 d Annual Convention of 
the American Institute of Electrical Engi¬ 
neers, Deer Park, Md. July 1, 1915. 

Copyright 1915. By A. I. E. E. 


CONTACT CONDUCTORS AND COLLECTORS FOR 
ELECTRIC RAILWAYS 


BY C. J. HIXSON 


Abstract of Paper 

A general classification of collecting devices is given correspond¬ 
ing to the existing A. I. E. E. classification of contact conductors 

Contact rail systems and contact wire systems are considered 
along with their corresponding collectors. 

Many data derived from measurements made upon ditterent 
types of overhead and collecting devices are arranged m tiie 
form of curves. The application of these various curves is dis¬ 
cussed and the possibilities indicated for selecting other curves 
to express still further the factors essential to proper collection. 
This method of attacking the problem is a novel one and it is 
hoped that those interested in furthering the cause of better 
collection will be encouraged to assist in making further measure¬ 
ments. Examples are given of constructions where consideration 
has been given to the factors discussed. Suggestions are made 
as to profitable subiects for discussion. 


T HERE has been published within recent years consider¬ 
able descriptive matter relating to both contact conduc¬ 
tors and collectors, but as a rule these two types of apparatus 
have been treated separately. It seems desirable that they 
should be considered together, since their successful operation 
depends upon each of them fitting into the requirements of 
the other. It is proposed in this paper to discuss the problem 
of current collection as a whole and in so doing to consider the 
essential factors for successful operation as well as the ways 
and means of attaining such results. 

In order to avoid confusion it seems essential to classify 
both contact conductors and collectors and indicate their re¬ 
lation to each other. The A. I. E. E. when defining standards 
for electric railways, subdivides distributing systems in two 
classes: contact rails and trolley wires. In the following dis¬ 
cussion collectors will be divided into two corresponding classes, 
namely, contact rail collectors and trolley wire collectors. 

The A. I. E. E. classification of contact rails makes certain 
subdivisions, with each of which a distinctive type of collector 
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is used. It therefore seems well to follow the same subdivisioi 
for rail collectors, namely, third rail shoes, overhead shoe 
center shoes and underground shoes. 

As regards the trolley wire, the A. I. E. E. subdivisions, direc 
suspension and messenger suspension, do not require distinctly 
types of collectors, since any type of trolley is likely to be use 
with either type of suspension. Common usage, however, seerr 
to have already satisfactorily classified trolley wire collector 
into wheel trolleys, roller trolleys and slider trolleys. If 
wheel trolley be distinguished from a roller trolley by limitin 
its width to less than its diameter, these three subdivisior 
become both distinctive and comprehensive for all trolley 
Usage has further subdivided the three types above ref err e 
to by utilizing as a basis the general nature of the frame sirj 
porting the collecting mechanism directly in contact with tt 
wire, for example, the pole, the bow r and the pantagraph. Th 
term which seems to require particular attention at this time 
the word pantagraph, used largely in connection with roll< 
and slider trolleys. Although not generally recognized,it shonl 
be noted that wheel pantagraph trolleys were used many yeai 
before either of the types just referred to, and such trolleys ai 
still in regular production. It is therefore apparent that tl 
term “ pantagraph trolley 5 ’ is not definite, since it designate 
a form common to all three types. A pantagraph is also som 
times used in connection with rail collectors, although if tl 
distinction between rail and wire collectors was common 
recognized its use would probably be unnecessary. For exampl 
the overhead shoe used upon New York Central locomotiv* 
was recently referred to as a third rail pantagraph trolle; 
In order to avoid confusion or the necessity for describing ; 
length each type of collector when referring to it, one of tl 
large manufacturers of electrical machinery was forced, a fe 
years ago, to adopt the classifications as indicated above, i.t 
contact rail collectors are divided into third rail shoes, ove 
head shoes, center shoes and underground shoes, and the coi 
tact wire collectors are divided into wheel trolleys, roller trolley 
slider trolleys, with further subdivisions depending upon tl 
nature of the supporting structure. 

Contact System 

There is a tendency to refer to the contact conductor an 
its collector as a contact system. In fact, it would seem thu 
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the railway committee, in its wording of the subjects for this 
meeting, has attached this meaning to the terms. Such a 
construction is at least worthy of the attention of the standard¬ 
izing committee, which might go a step farther and consistently 
subdivide contact systems into contact rail systems and con¬ 
tact wire systems. 

Contact Rail Systems 

Rail systems have been in successful operation for many 
vears with great reliability and "with a low cost for mainte- 



Pig. 4—Third Rail Construction and Location 


nance. These systems are particularly adapted for elevated and 
subway work, and are even better suited for conditions where 
it is necessary to change quickly from one to the other. High 
collec tin g capacity and space considerations as well as there 
being no necessity for an expensive protection for the contact 
rail have contributed to the popularity of the rail system for 
this class of service. The high initial cost, danger to life, 
difficulties from sleet and snow and complications in yards 
have been among the factors preventing its wide application 
to interurban and steam road service. Sleet and snow, how¬ 
ever, are successfully overcome by inverting the rail and 
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using an under-running shoe, but in so doing the cost is some¬ 
what increased. 

The increase in operating voltage has materially changed 
these fundamental considerations. Higher voltages entail 
greater space and greater clearance distances. If an inverted 
third rail is to be used for voltages higher than 1000 it is neces¬ 
sary in order not to interfere with the standard car equipment 
clearances that the location of the insulators be shifted to some 
other position than that now commonly used. 

Several miles of such a type of inverted third rail having 
the insulator as well as the third rail itself, shifted to a greater 
distance from the track rail, are being used upon a test railway 
at East Erie. 

This rail has now been in use for several years and has been 
satisfactory in every way. The conditions under which it is 
used are not quite as exacting as those of a road in regular 
service but the indications are that it would be satisfactory 
under such conditions. The same type of shoe is used as has 
been in service for many years for under-running third rails of 
lower voltages. The insulation of the shoe beam, however, re¬ 
quires porcelain as a supplementary insulation, and it has been 
possible to work this out within the limited space in a satisfac¬ 
tory way. 

In a series of tests made at Schenectady about a year ago 
in connection with the use of 2400 volts for an over-running type 
of third rail system, it was found desirable to increase the 
horizontal distance of the third rail from the track by ap¬ 
proximately 4 in. more than is ordinarily used for 600-volt work 
and the height above the running rail was increased by about 
6 in. It was found that there were times when full energy was 
opened by the shoe on the rail and that the arc might whip 
over to the trucks or other parts of the moving car. 

It is interesting to note that a road in the Middle West, in 
connection with the electrification of which these tests were 
primarily made, is now in successful regular service operation. 

While there have occurred some short circuits between the 
third rail and the parts of the moving car, this does not appear 
to be sufficiently frequent to interfere seriously with regular 
service. 

The third rail shoe employed is of a special design due to 
local conditions and the slipper with its supporting arm is raised 
and lowered by compressed air. (See Fig. 5.) 
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Fig. 1—Showing Third Rail Without Protection 


tig. 2—Same Rail as Fig. 1 With Protection 
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Fig. 3—Third Rail Support 
and Protection 
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Fig. 6—Underground Shoe for 
Locomotive 
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The contact arm is folded up against the side of the car when 
passing through villages so as not to project and be a source 
of danger. During the period that the shoe is not in operation 
energy is supplied through a slider pantagraph trolley.. 

In general, a 2400-volt third rail is operative and permissible 
under suitable conditions. 

As a matter of general interest at this time, Fig. 6 shows 
the underground shoe used to supply current to the towing 
locomotive in service along the Panama Canal. 


Contact Wire Systems 

Direct Suspension: The direct suspension type of trolley con¬ 
struction has been in use for many years and is standard or 
conditions involving low speed and moderate amounts of energy. 
For citv service direct suspension with a 2/0 or 3/0 trolley wire 
is practically, universally used in this country, along with a 
4-in. or 6-in. trolley wheel provided with graphite bushings. 

A 4/0 trolley wire was often used in direct suspension wit 
the earlier interurban installations. 

For insulation, molded compound, molded compound with 
mica, wood and porcelain are utilized. Some roads utilized 
molded insulation suspensions in series wuth a ball or gian 
strain insulator supported by a wooden pole. Others have 
been content to use a wooden pole along with a single molded 
insulation suspension. It is rather remarkable how mam 
years of successful service these types of insulation have given. 
The wood pole is undoubtedly responsible m no small degree 
for this success. This was quite decidedly shown some years 
ago when an Italian road attempted to utilize standard Ameri¬ 
can material upon one of its lines equipped with steel poles. 
The short potential distance w'ithin the giant strain insulators 
located at every pole caused them to act as excellent lightning 
arresters so that the lightning seemed m most cases to^prelei 
this path to that through the arresters. The difficulty was 
finally overcome by placing in series with the pant strain in¬ 
sulators, an insulator having approximately six inches of wood. 

Since the use of wood for poles and insulators is gradual y 
decreasing it is to be noted that porcelain for both strain an 
suspension insulators is gradually being adopted. (See „ • 

7 The 8 pole spacing for tangent track has practically been 
standardized at 100 ft., which is shortened at curves, depending 
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upon the degree of curvature. The type of support is either 
a cross span wire or a bracket to which is attached a steel strand 
extending from the end of the bracket to the pole for the purpose 
of minimizing the hammer blow of the collecting device. 

Direct suspension is unquestionably the cheapest type of 
overhead construction, and has performed a very useful service 
in keeping down the initial investments upon the early trolley 
roads, but with the increasing requirements for energy to be 
collected at high speeds it has become necessary to adopt a 
more flexible form of construction. 

Messenger or Catenary Suspension 

The first installations were made abroad and were primarily 
designed to comply with safety regulations and to provide 
more convenient means of insulating high voltage trolley wires. 
The distance between the supporting points of the trolley wire 
was such that in case the trolley wire broke it would not fall 
to the ground or upon traffic in that vicinity. It was soon 
found that this general type of construction had other advan¬ 
tages which, with modifications, rendered it suitable for the in¬ 
creased service conditions. To attempt even to outline the 
various arrangements of trolley and messenger wires con¬ 
structed and tried out during the past 15 years would be a 
task in itself. The diversity in constructions is often such as 
to indicate fundamentally different conceptions as to what are 
and what are not desirable factors. 

To compensate for the additional expense of messenger 
suspension it is necessary to know definitely just what benefits 
are being obtained over those found in direct suspension. There 
are in existence today certain types of messenger suspensions 
where it is questionable whether the benefits are equal to the 
additional money spent. It therefore seems desirable to discuss 
some factors which have proved to be essential and to indicate 
along what general lines still further improvements may be ex¬ 
pected. It is unfortunate that there is no convenient standard 
of “successful collection ?? by which to measure the various 
degrees of collection, but by approximating the life and cost 
of maintaining the collector and contact wire along with the 
interest on the investment, it is possible to arrive at a more 
or less final standard. 

If by chance, or otherwise, a high degree of successful collec¬ 
tion should be attained, there are available no means for 
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specifying in definite units the conditions in such a way as to 
make it possible to reproduce or to maintain this highly de¬ 
sirable state of affairs. 

In order to overcome this deficiency it seems necessary to 
select different kinds or sets of measurements whose values 
more or less indicate corresponding effects upon successful 
collections. Although no such selection has been generally re¬ 
cognized, in order to assist in placing the phenomena involved 
upon some sort of an engineering basis it seems well to indicate 
how some slight progress at least has been made along such 
lines. 

Uniform Flexibility of Contact Wire 

Within the last few years it has come to be generally re¬ 
cognized that “uniform flexibility” is possibly the greatest 
factor in “successful collection.” 

When the collector passes beneath the wire, a wave is pro¬ 
duced extending one hundred and fifty feet or more, in either 
direction, depending upon the pressure. The crest of this 
wave is practically always just over the collector and the height 
of the wave at any point depends upon how elastic the wire 
is at that particular point. It is evident that weights due to 
section insulators, splicing sleeves, hangers, crossings and other 
devices attached to the ware will produce hard spots directly 
proportional to their weight. 

As regards elasticity at the hanger, not only is the weight 
of the hanger a factor, but still more important is the weight 
of the wire which it supports and the lifting action of the mes¬ 
senger wire. 

This effect of the messenger wire is of great assistance in 
increasing the wave height of the trolley wire but unless the 
hanger is designed so as to permit of a still further free upward 
movement of the trolley wire after the effect due to the mes¬ 
senger wire ceases, the trolley wave will be restricted by the 
hanger having to lift the weight of the messenger. It is thus 
apparent that an improperly designed hanger may result in 
producing a trolley wire supported by a messenger suspension 
which will actually give worse collection than a trolley wire 
supported by a direct suspension system. Installations of 
this type are in existence and it is possible to show by direct 
measurements what it is necessary to do in order to correct 
the major portion of the difficulties with the collector and to 
put an end to the rapid deterioration of the trolley wire at 
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points of support. Fig. 9 shows the exact measure of uhat 
takes place. The dotted curve shows the normal position of 
the loaded messenger with the trolley wire at rest. The full 
line curve above the dotted curve shows the position to which 
the messenger will rise at the various hangers when relieved o 



Fig _ q—Trolley Wave Crest Curve for One Span and Corres- 
ponding Position of Messenger 


the weight of the trolley wire by the upward pressure of the 
collecting device. In order to illustrate what takes place, at 
hanger No. 2, the curve shows that with 30 lb. pressure-due to 
the collecting device, the trolley wave will be about 3| in. in 
height. It is also seen, from the distance between the dotted 
and full line curves for the messenger wire, that at the same 



Fig. ll— 1 Trolley Wave Crest Curves at Different Collector 
Pressures for the Same Span 


time this pressure is applied to the trolley wire the messenger 
wire will rise 2 in. Therefore, if the hanger is free to continue 
its upward movement after the messenger has ceased to. rise 
the hanger will be shoved 1§ in. farther up than the position 
where the unloaded messenger wire stopped going up. Tig. 10 
shows a hanger which allows this action to take place. 
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• Fig. 8—Line Material—1200-Volt Suspension 



Fig. 10 —Form C H Hanger [hixsonI 
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Fig. 16—Pantagraph Trolley 
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Fig. 21—Catenary Line Tests—Berme Bank Track Displace¬ 
ment Measurements 
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Fig. 11 shows how different collector pressures increase the 
trolley wave crest curves as the pressures increase. 

The arrangement and general type of the suspension also 



Fig. 12—Trolley Wire Wave Crests; Upward Pressure 30 lb.; 
Loop Type of Hanger 

A —Catenary with, auxiliary, 9 ft. sag, 330 ft. span 
B —Simple catenary, 9 ft. sag, 330 ft. span. 

C —Simple catenary, 5.5 ft. sag, 330 ft. span 
D —Simple.catenary, 20 in. sag, 150 ft. span 


have an effect upon the shape and height of the wave crest 
curves, that is, upon the uniformity of the flexibility of the 
trolley wire. Fig. 12 shows wave crest curves corresponding 

to the construction shown in 
Fig. 13. It will be noted that 
although type A has a second 
messenger wire parallel to the 
trolley wire, which has had the 
effect of somewhat reducing 
the distance between the max¬ 
imum and minimum values, 
the improvement is not 
very great over that shown 
for type C, which is for the 
same length of span but with 
a single messenger wire. Type 
D shows the effect of a single 
messenger when used with a 
span of 150 feet. It will be 
noted that in all of them the 
most rigid portion of the 
trolley wire is near the point 
of support and that the dif- 





* N 
00 . 

— i 

L 

_ 

D 


, f .. T 

150' 


Tension (Trolley) 
From 1865 Lb., 
to 1950 Lb.. 


Fig. 13 


ference between them near that point is not very great. 

The considerations discussed as entering into the flexibility 
thus far have applied particularly to tangent spans, which is 
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the easiest part of the problem. At curves where pull-offs are 
required the weight of these has to be reckoned with. Fig. 14 
shows a very satisfactory arrangement of pull-offs. 

In order to obtain the highest degree of uniform vertical 
flexibility of the trolley wire, each special construction requires 
a treatment peculiar to itself. Such cases are sidings, low 
bridges, tunnels, section insulators, splicing sleeves, feeder ears 
and other devices adding weight to the line. In general, however, 
it may be noted that with an increasing appreciation of the 
importance of this factor, means for introducing artificial 



TIME-SECONDS 

Fig. 15—Time-Rise Curves to Com¬ 
pare Inertia of Trolley Base and 
Pole with Pantagraph Frame—Taken 
at Normal Operating Heights and 
30 lb. Upward Pressure 

Wheel trolley, 12-ft. pole and 9.5-lb. wheel and 
harp. Roller trolley, roller 5 in. diam., 24 in. long. 



—Pantagraph Roller 
Collector — Maximum 
Working Pressure 


flexibility will doubtless be employed where it is not possible 
to attain the desired result in some other way. The principle 
of preventing injury to the wire rather than repairing it after¬ 
wards is in line with the general tendencies of these times. 

It is to be noted that the data given thus fat relative to 
uniform flexibility have been obtained upon wires at rest. It 
is appreciated, however, that the inertia of the moving collector, 
as well as the fact that the weights of the parts constituting 
the overhead construction have to be accelerated, involve still 
other factors in successful collection. The exact measures of 
these are not considered at this time, but it is certain that the 
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values of these factors are closely interlinked with the charac¬ 
teristics of the collection device. 

Trolleys 

It is known that the pole-supported trolley wheel is much 
quicker in its action than the heavier roller and slider para¬ 
graph trolleys. Fig. 15 shows the distance-speed relation of 
these two types of collectors. The roller trolley referred to 
is shown in Fig. 16. 

Since the trolleys must operate over a range in some cases 



Fig. 18 —Sliding-Contact Trolley Current Collection 
N ew wire at beginning of run 
Wear on 0000 grooved copper trolley wire 
Double-pan collector with eight 1-in. copper contact strips 
Reciprocating motion, 4 ft. travel, 100 times per minute. 

Lubricated with 2/1 mixture of 107 motor grease and graphite, by weight. 


as great as 9 ft., it is important to know what the pressure 
against the trolley wire is at various heights of the collector. 
Fig. 17 shows this relation for the roller trolley. 

When speeds of 60 mi. per hr. and currents of 2000 amperes 
and more have to be considered, it is found desirable to employ 
a slider type of trolley. In order to investigate just what the 
effect of a slider would be upon the wear of a trolley wire be¬ 
tween points of support, a series of tests was made in a test¬ 
ing machine in which the collecting strips were moved back 
and forth a definite distance under trolley wires. Figs. 18, 
19, and 20 show the results of these tests. 
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Double Trolley Wire 

Along with this problem of high speed and great capacities 
it was found desirable to employ tw T o trolley wires hung side 
by side with the supporting points so spaced that the hangers 
on one wire come midway between the hangers on the other 
wire. This results in a great improvement in the uniformity 
of the flexibility of the trolley wire as well as an increase in the 
collecting and conducting capacity. 

Effect of Wind 

The effect of wind upon the overhead construction has always 
been a subject of considerable uncertainty, and in order to 
measure definitely, as far as possible, such effects upon different 



Fig. 22—Trolley Wire Displacement Due to Wind 

types of overhead constructions, a series of tests was made, 
in which weights were attached at each hanger which corres¬ 
ponded to different wind pressures. The general arrangement 
of the weights is shown in Fig. 21. The effect of the wind 
upon the constructions is shown in Fig. 22; 

In conclusion it might be said that there are many other 
problems which might be discussed with profit, among which, 
in connection with the overhead construction, might be men¬ 
tioned: 

1. The use of deflectors or other devices at sidings. 

2. The best method of section insulation. 

3. Convenient means for taking up slack at anchorage vs. 
automatic take-up devices in conjunction wdth the introduction, 
artificially, of elasticity into the line. 
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4. Elimination of splicing sleeves, particularly of the soldered 
type. 

5. The necessity for staggering the trolley wire, and frequency 
of steady braces against the wind. 

6. Construction at tunnels and bridges, as regards both in¬ 
sulation and collection. 

7. The necessity for uniformity in the safety factors allowed 
in different parts of the country. 

8. The best method of arranging “ticklers’ 5 for warning the 
brakeman of approaching bridges or tunnels upon electrified 
lines. 

In regard to the problems which might be discussed in con¬ 
nection with trolleys might be mentioned: 

1. The desirability of the air-locked vs. the air-raised type. 

2. Height of the trolley wire. 

3. Width of contact strips. 

4. Shape of horn. 

5. Clearance allowances between trolley and permanent way. 

The author desires to express his appreciation of the as¬ 
sistance of Mr. G. W. Bower and Mr. C. G. Lovell in the prep¬ 
aration of this paper. 
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THE CONTACT SYSTEM OF THE SOUTHERN PACIFIC 
COMPANY, PORTLAND DIVISION 


BY PAUL LEBENBAUM 


Abstract of Paper 

The paper describes in detail the overhead contact system 
of the electrified lines of the Southern Pacific Company, Port¬ 
land Division, which operates at a potential of 1550 volts. The 
design and materials of construction are given in considerable 
detail, and the costs per mile, of material and labor, are tabulated 
in very complete form. 


Introductory 

T he ELECTRIFIED lines of the Southern Pacific Com¬ 
pany, Portland Division, extend from Portland to White- 
son, a distance via Forest Grove of 54.0 miles and via New- 
berg of 45.2 miles, with a line from Cook to Beaverton 7.4 
miles long, the map, Fig. 1, showing the extent of the present 
electrification and also the ultimate plan. All these had been 
operated by steam for many years. At Hillsboro, Forest 
Grove, and Newberg, detours from the main line permitting 
electric trains to pass through the center of these three more 
important towns were constructed; inclusive of detours, the 
total of miles of main line single track is 104.0, with approxi¬ 
mately 16 miles of electrified second track and sidings. 

Except for three miles of 600-volt trolley in Portland, the 
operating potential is 1550 volts. 


General 

Construction was actively undertaken in July 1912 and the 
lines put into operation in January 1914. To account in some 
measure for the time taken to complete the contact system, 
it may be said that labor troubles caused a shut-down of all 
work for two months in the spring of 1913, and that delays 
in the delivery of car bodies and equipment made it expedient 
not to push the construction towards the end. 

The electrification work was carried on during the operation 
of the road by steam, resulting in much “ lost time” due to 
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the distance between sidings and the lack of frequent tele¬ 
graph stations. 

In general, side bracket type of catenary construction, Fig. 2, 
is employed, the poles being placed on the outer side of curves. 
High-tension transmission lines (13,200-volt) are carried on 
the same poles as the contact system between Oswego and 
Dundee and between Oswego and Forest Grove, via Beaverton, 
their total length being 47 miles. In order to maintain the trans¬ 
mission line on one side of the track, cross-span construction is 
used where the poles come on the inside of curves. Figs. 2, 
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Fig. 1—Electrification of First Unit Southern Pacific Lines in 
Oregon—Under Auspices of Portland, Eugene and Eastern 
Railway 


3, and 4 illustrate this type of joint construction, the latter 
figure being taken between Oswego and Cook, where the trans¬ 
mission lines parallel each other for a distance of four miles. 

The standard pole spacing on tangents is 150 feet. As seen 
from Table I, however, over 25 per cent of the main line mile¬ 
age is curved track, the portion between Sherwood and Spring- 
brook being exceedingly crooked; on this account, as well as 
on account of siding and cross-span construction, 5666 poles 
were used, or an average of 54 poles per mile. Construction 
was further made more difficult by the presence of 25,204 ft. 
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Fig. 2—Standard Bracket Arm Construction— McMinnville 
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of trestle, of such height as to make support of the pole on t- 
trestle a necessity. 


TABLE i. 


Degree of curve 

Pole spacing 

Total length of curves. 

0-2 

150 ft 

57,870 ft 

2-4 

120 “ 

37,695 “ 

4-6 

90 “ 

20,627 « 

6-8 

60 “ 

7,345 “ 

8-10 

60 “ 

7,412 “ 

10-15 

60 “ 

8,568 “ 

; 


139,517 ft. = 26.4 mi. 


In the following, the costs due to the presence of a hi-K 1 * _ 
tension line on <the poles supporting the contact system * 

been eliminated as not being relevant. 

.Poles. All poles are nominal 9-inch top, cedar poles, pi* * 
chased under specifications that required a top circumfere.vi* 
between 27; inches and 32; inches, and subject to inspects* *** 
at destination; it was found that, unless some limitations we re¬ 
placed on contractors, the term “9-inch top” was very flexil »!* * 

The standard pole length for catenary construction is 35 * * ■ 

for transmission and catenary, 40 ft; local conditions, sucls »* 
crossing of telephone and telegraph lines by the transmisKi* »** 
line, increased these lengths. 

Table II indicates the items that are included in the o<r.t 
of the pole at the hole. 


TABLE II. 


Length of pole, ft. 

35 

40 

45 

50 

r> 

Cost, f.o.b. company yard.:. 

84.20 

84.80 

85.40 

86.00 

86. 

Cost, handling in and out. 

0.20 

0.20 

0.25 

0.25 

0 . 

Cost, framing and shaving. 

0.55 

0.55 

0.60 

0.60 

0 . 

Cost of treating. 

..1.25 

1.25 

1.25 

1.25 

1 . 

Cost of distributing.. 

0.70 

0.70 

0.75 

0.75 

0 . 

Cost of pole at hole. 

86.90 

87.50 

88.25 

88.85 

89 . 


All poles were given two thorough brush treatments wit}, 
carbolineum avenarius, from a point 18 inches above the grc>\* * s , j 
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to within three feet of the butt. The preservative was applied 
by means of burlap fastened to the ends of long mop handles 
and was kept hot by steam coils placed on the bottom of the 
shallow tank over which the poles were rolled. Steam was 
furnished from a locomotive and approximately one gallon of 
preservative (including losses due to leakage from barrels and 
evaporation) was used per pole. Costs include labor ($0.50), 
material, rental of locomotives and first cost of tank. Dis¬ 
tributing costs include w T ork train and flat car rental. 

’Contact System. The details of the materials used in the 
support of the contact system were developed by the Southern 
Pacific Company on its 1200-volt suburban system at Oak- 



p IG> 5 —Typical Catenary Spans—Interurban Construction 


land, Cal., some slight modifications being made to meet local 

Pole and line material is galvanized or sherardized,_ all bolts 
and nuts being given the latter treatment. The increase 
cost of galvanized material was deemed to be warranted on 
account of increased life and decreased up-keep m a region where 
r ains , winter and summer, are of frequent occurrence. 

The messenger cable is 7/16-inch high-strength (cruci e) 
steel strand, (15,000 lb. breaking strength), strung at a tension 
of approximately 2200 lb. at 70 deg. fahr., which gives sags 
and hanger lengths as shown in Fig. 5. The tension m the 
4/0 grooved copper trolley wire is 2000 lb. A construction 
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train was used to erect the messenger and trolley wires and 
to clip in the hangers. 

Under maximum loads (ice, sleet and wind), the tension in 
the messenger is calculated not to exceed the elastic limit, 
climatic conditions being such that the minimum temperature 
rarely falls below 20 deg. falir. Ice and sleet are unusual. 

Hangers (Pig. it) are installed at 15 ft. intervals; they afford 
u very flexible connection between the messenger and trolley, 
'have a minimum number of parts and are used interchange¬ 
ably on tangents and curves. As first installed, the locknut 
was omitted. The threads on the rods, due to the vibration 
of the line, began to strip, and the locknut was added to over¬ 



come this trouble, which it. has done. The standard 150-ft. 

span weighs 1.152 lb, per foot. _ 

A mechanical clamp holds the messenger in the gioovc. o 
the insulator, and prevents slipping in the event of line trouble. 
The contact system is further anchored every halt-mile on tan¬ 
gents, as shown in Pig. «. mid against a curve at each end 
thereof, so as to take the strain out of the curve. Steady 
braces, Pig. 7, were installed every half mile, after the system 
was placed in operation, they being found a necessity; on 
curves, the pull-offs have a steadying effect. 

The line is sertionulized at all junction points, at substations, 
and where the voltage changes from 1550 to 000, a sectionalr/,- 
i„g insulator of the type shown in Pig. X being used. On ae- 
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co-unt of the hard spot introduced in the line by this device, 
a section break, consisting of two parallel wires suitably in¬ 
sulated from each other, is being developed. 

Table III indicates the cost of a mile of tangent construction 
as illustrated and described in the foregoing. 

TABLE III. 


Ad aterial. 

Poles—35 ft. long. 

Bracket arms complete. 

Steel strand-7/16 in. high strength. 

Line anchors. 

4/0 copper trolley wire. 

Hangers. 

Steady braces. 

Miscellaneous material. 

Feeder insulator and support. 


Per mile. 


Z^abor. 

Handling, treating, distributing.... 

Digging holes. 

Setting complete with bracket. 

Stringing messenger and trolley.. . 

Installing hangers. 

Installing anchors... 

Lost time a/c laying in at sidings. 

Adjusting and dressing line. 

Work train. 


Per mile. 

Total per mile. 


Ref. 

Tangent 

Units 

Cost 

Table II 

35 

$ 147.00 

Fig. 2 

35 

197.00 


5500 ft. 

149.00 

Fig. 6 

2 

70.00 


3400 lb. 

780.00 

Fig. 9 

360 

90.00 

Fig. 7 

2 

5.00 



25.00 

Fig. 2 

35 

37.00 



$1500.00 

Table II 

35 

95.00 


35 

60.00 


35 

70.00 



55.00 



50.00 


2 

20.00 



75.00 



50.00 



125.00 



$600.00 


1 

$2100.00 


To the above must be added the usual percentages for en¬ 
gineering, superintendence, and contingencies. 

Curves and sidings, for the division under consideration, 
increased these costs about 20 per cent, so that the cost of the 
average mile of main line track (excluding the section between 
Sherwood and Springbrook, where excessive curvature greatly 
increased construction costs) was $2550.00. This figure makes 
no allowance for construction on trestles, which is deemed a 
very local condition, and is therefore not included. 

A large proportion of the holes were dug m earth and under 
fairly favorable conditions. Rain, and water m the holes, at 
times interfered with digging. 
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Men lived in outfit cars, rental of which is included in all 
labor costs; gasoline section cars or work trains were used to 
transport the crews to and from work, the average run being 
not more than three miles. 

Rates of pay on line construction were as follows: Foremen, 
$125.00 per month; linemen, $4.50, groundmen, $2.75 to $3.00, 
and common labor $2.25 to $2.50; all per day of 9 hours, one 
way on company time. Overtime was at the rate of 1^- the 
standard time. Work trains, including locomotive and crew, 
are rented to the construction department at a rate of approxi¬ 
mately $40.00 per day. - ■■■--■- ... 

In analyzing costs of material, attention is called to the fact 



that freight is an important item, especially on steel products, 
for Pacific Coast conditions. 

Feeder supports, but no feeder, are included in the above 
costs. This item will vary with substation spacing, line volt¬ 
age and traffic conditions. 

Curve Construction. Flexibility is extremely desirable in a 
contact system from which current is taken by roller para¬ 
graphs, on account of the inertia of the collector, and at no place 
in the line is this more evident than at curves. 

As first constructed, pull-offs of 5/16-inch steel strand (3800 
lb. breaking strength) were used between the backbone and the 
catenary system, and a. maximum deviation on curves of six 
inches from center line of track was allowed. It was found 
that a pull-off of this size was too stiff, especially on the lighter 
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curves (up to six degrees), and J-inch strand (2300 lb. breaking 
strength) is being substituted. Pull-offs were first installed on 
hangers adjacent to the brackets; but are now being installed 
in accordance with Fig. 10; this makes for increased flexibility. 

The bracket, Fig. 2, is used to insulate and carry the back¬ 
bone on light curves, Fig. 3 illustrating this type of curve con¬ 
struction. On heavier curves, the backbone is fastened to the 
back of the pole and the pull-offs are insulated from the back¬ 
bone in the manner shown in Fig. 11; this illustration further 
shows a type, of simple trolley construction that has been found 
very suitable for pantagraph operation. 

Maintenance. The system was placed in operation on Jan. 
18, 1914. Three crews were at work on construction for several 
months following, when one crew was laid off. The second 
crew was laid off on October 1, 1914, the crews up to this time 
having been partly on maintenance and mostly on work charge¬ 
able to construction. The following figures on maintenance 
therefore apply only to the period from October 1, 1914, to 
March 31, 1915; the contact system being almost new. 


TABLE IV. 


Acct. No. 

Material 

Labor 

Total 

9 Cars. 

$33.00 

$50.00 

$83.00 

20 Poles. 

7.00 

68.00 

75.00 

22-1 Feeder. 

4.00 

64.00 

68.00 

22-3 Trolley. 

23.00 

428.00 

451.00 

Total per Month. 

$67.00 

$610.00 

$677.00 

“ * Year. 

$804.00 

$7320.00 

$8124.00 

“ u mile per year 




(104 mi.). 

$7.73 

$70.38 

$78.11 


The maintenance crew consists of one foreman ($135.00 per 
month), three linemen, ($4.50 per day), and four groundmen 
($3.00 per day), and has its headquarters at Oswego. Each 
man gets one day off per week. 

In addition to maintaining the contact system, this crew 
handles all repairs to the 13,200-volt transmission line and 2.5 
miles of 60,000-volt transmission line, about 6 per cent labor 
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in addition to that shown in the above tabulation being charge¬ 
able to this item (Acct. No. 49). 

Gasoline section motor cars, equipped with towers, are used 
for maintenance, the crew, where possible, taking regular trains 
to get to and from work. Account No. 9 in Table IV, gives 
the cost of operating and maintaining the gasoline cars, of 
which five are in use; the men keeping their own cars in repairs 
to as great extent as possible. 

Because of the short period under operation, it is hardly 
possible to analyze the work done in maintaining the lines, 
say as between hangers, messenger, trolley, feeders or special 
devices, such as crossings, section insulators, steady braces, etc. 

As an indication of the use made of the contact system, 
the following figures are given: 


Average train miles per day... 

Average motor car miles per day. 

Average trail car miles per day. 

Weight of motor car, tons. 

Weight of trail car, tons. 

Schedule speed, mi. per hr. 

Average running current per motor car. 


1460 

3041 

560 

53 

35 

20 

200 


Current Collectors. In closing, a few words may be of interest 
as regards the results being obtained with the current collectors, 
shown in Fig. 12. An improved system of lubrication was 
devised by Mr. E. Sears, Supt. of Electrical Equipment; this, 
together with the substitution of roller bearings for the graphite 
bushings originally furnished, has made possible the following 
costs per 1000 motor car miles for the period Jan. 1, 1915 to 
April 14, 1915. 


TABLE V. 



Total 

Per 1000 motor 
car miles. 


11.01 

17.82 

36.27 

15.09 

10.0058 

0.1022 

0.2080 
0.0865 





$70 .19 

$0.4025 



“ Welsh” oil, at 14 cents per gallon, is used for lubrication. 
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Collectors are made of five-inch (outside diameter) steel 
tubing with 7/32-inch wall, and operate at a pressure against 
the wire of from 30 to 35 lb. A defective quality of tubing was 
originally furnished, the cost of replacing some of which is in¬ 
cluded in the above tabulation ; this has resulted in keeping the 
average mileage per collector down to 9696. As soon as the 
defective tubing is weeded out, it is hoped to materially in¬ 
crease this mileage. 

The wear on the trolley wire to date has been inappreciable. 
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Discussion on “ Unprotected Top-Contact Rail for 600- 
Volt Traction System ” (Jones), “Third Rail and 
Trolley System of the West Jersey- and Seashore 
Railroad ” (Duer), “ Contact System of the Southern 
Pacific Company, Portland Division ” (Lebenbaum), 

“ Construction and Maintenance Costs of Overhead 
Contact Systems ” (Amberg and Zogbaum), “ Contact 
System of the Butte, Anaconda and Pacific Railway ” 
(Cox), and “ Contact Conductors and Collectors for 
Electric Railways ” (Hixson), Deer Park, Md., July 1, 
1915. 

L. D. Nordstrum: I want to ask Mr. Duer if he experienced' 
any particular difficulty due to corrosive action of the sodium 
chloride solution in removing the sleet. 

J. V. B. Duer: On the insulators or on the rails? 

L. D. Nordstrum: On the rails. 

J. V. B. Duer: No, we have not, probably because we do not 
•use it in any very great quantities, and do not use it very fre¬ 
quently. We tried a solution of calcium chloride to discover 
just what solution seemed to be the best to use. We made some 
exper im ents to see what the action was on the insulators, and 
also as to the effect of the calcium chloride on the sleet. We 
found that under our conditions about 1200 specific gravity 
seemed to give the best results. A higher gravity, while it 
melted the sleet quickly, would create a conductive film over 
the insulators which eventually ate them out. That was the 
only test we made to ascertain the composition of the solution. 
We also found that heating the solution had a very much better 
effect on the sleet. Our tests with the solution cold did not give 
nearly as good results as they did with the solution hot; it is not 
really hot, but warm, 100 deg. fahr. or thereabouts. 

G. H. Hill: It is especially interesting to compare the cost 
data, which is given in such detail as to permit of considerable 
analysis. Making due allowance for the variable cost of labor 
in different localities and for the different amounts chargeable 
to freight and to local conditions, such as traffic requirements, 
etc., the cost given for overhead contact system and for third 
rail contact system are remarkably near to the same figure. 
From the data given it appears that a single-track overhead con¬ 
tact system with wooden poles and the usual amount of sidings, 
yards, crossings, etc., costs in the neighborhood of $3000 per 
mi. when erected under traffic conditions. This closely agrees 
with the cost of an over-running third rail without protection and 
represents practically the minimum cost of either type of col¬ 
lection system built" for heavy traffic and with due regard to 
reliability required for heavy railroad operation. The overhead 
collector system should include a certain amount of feeder in order 
to be comparable with the usual weight of third rail, and the use 
of wooden poles is perhaps questionable in many localities. For 
localities subject to snow and sleet the third rail should be pro- 
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tected. From the data given it is safe to assume that an over¬ 
head collector system with a reasonable amount of feeder copper 
and steel poles will cost in the neighborhood of $5000 per mi. 
and this compares with an underrunning protected form of third 
rail. 

Where there is more than one track and steel overhead bridges 
are required for the overhead contact system and where the 
voltage of the system is high, such as is required for heavy rail¬ 
road conditions, the cost of both the overhead system and under- 
running protected third rail system will approach $6500 per 
mi. While the cost may vary between the third rail and over¬ 
head under local conditions the agreement is sufficiently close 
to remove cost as an argument for either system. The data 
presented also indicate that the cost of maintenance is so near 
the same for overhead and third rail systems that this is not an 
effective argument for or against either system. The choice, 
therefore, of the contact system must be made on the basis of 
reliability, capacity, convenience and appearance. 

On the score of reliability, the third rail has undoubtedly 
.heretofore been considered superior, but recent overhead con¬ 
structions have been so much improved as to make the overhead 
system at least the equal of the third rail on this score. This 
is especially true with regard to the higher voltages. The 
proximity of the rail to the ground and the rolling stock reduces 
its reliability to some extent on account of the possibilities of 
§ flashing and grounding. 

, Similarly the third rail has had the best of the argument in 

capacity and for 600- and 1200-volt systems it still has the bulk 
of the argument in its favor on this point, when heavy traffic 
i is considered.. Recent developments in overhead systems have 

demonstrated that its capacity can be made ample for the very 
heaviest requirements when the voltage is raised to 2400 or 
4 above. There has been a considerable amount of misunder¬ 

standing, with reference to overhead contact systems and col¬ 
lectors and it may be interesting to review the history of this 
development briefly. 

The earliest form of overhead' collector, aside from the well- 
known trolley wheel, was the sliding form of contact used abroad. 
This was usually a very light contact pressing against the 4/0 
or similar contact wire without lubrication. It was found that 
unless the pressure was kept very light the friction was very 
great and when this type of collection was tried out in this 
country, the pressure was kept down to eight or nine lb. and the 
material of the collector was made preferably of steel in order 
to reduce the wear. It was even found necessary to go to steel 
contact wire. The amount of current that can be collected 
from a steel contact wire and a steel collector is very small, 500 
amperes being the reasonable maximum. The amount of wear 
as shown with this arrangement is more than might be desired. 
In order to increase the capacity it is necessary to use a copper 
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contact wire and resort to a collector which wili operate at 
higher pressure. The roller was tried and was found to p 
with a flexible overhead system very well at pressuressup to 
30 or 35 lb. and at speeds up to 50 mi. per‘hr. This arrange 
ment proved successful for current up to 1000 amperes.^ 

The bearings had to be very perfectly made and furthermore, 
even under excellent conditions it was found that there was a 
considerable amount of slippage between the roller andthe wirm 
As it is necessary to operate the roller without lubrication 
between it and the wire, the slippage has a proportional effect 
to a dry sliding contact with respect to the wear of the contact 
wire and the roller. Further experiments were undertaken with 
slider contact in order to increase the capacity and if possible, 

reduce the wear. . 

As shown by the data in Mr. Hixson s paper, the use of lub 
cation between the collector and the contact wire made an enor¬ 
mous difference in the rate of wear. A verysmall amount of heavy 
lubricant applied to the collector shoe was sufficient to reduce 
the mechanical wear to a negligible quantity. This permi 
the use of copper facing on the collector and increased the capac 
ib/ enormously. With this arrangement the limiting feature 
wls TheTarrying capacity of a 4/0 wire. A 4/0 copper wire m 
open air will safely carry approximately 1000 amperes 
softening it. For a single wire therefore, it is not safe to collect 
much more than 1500 amperes when the current is made to feed 
into the point from both directions. In order to overcome this 
difficulty the double overhead contact wire was developed (two 
wires being hung on independent hangers so as to preserve 
flexibility). It was found that with this arrangement the two 
wires would both give excellent contact with the collector and 
that the capacity was more than doubled. The hangers or 
the two wires are alternately spaced and so remove any pos¬ 
sibility of sparking when the collector passes a hanger even a 
very high speeds, since one of the wires is always m independent 
flexible contact with the collector. With this contact system it 
is entirely practical to collect 3000 amperes at 60 mu per hr. 
with practically perfect freedom from sparking. This cor¬ 
responds to 9000 kw. at 3000 volts and is ample for the heaviest 
trans-continental train on 2 per cent grade. The tests indicated 
in the curves presented with Mr. Hixson s paper show that with 
a copper contact wire and a copper-faced sliding collector lu¬ 
bricated with heavy grease and graphite the rate of wear will 
average approximately one mil for each 200,000 passes of the 
collector. As a 4/0 grooved trolley is capable of about 250 mils 
wear, it is obvious that the wear on the wire is a negligible feature. 
It is interesting to note that when lubrication is used, better 
results are obtained by increasing the pressure between the col¬ 
lector and the wire. The wearing away of the contact surfaces 
is partly due to friction and partly due to the passage of current. 
Without lubrication friction is by far the greater element and 
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as it increases directly' with the pressure it was found disastrous 
to raise the pressure above 10 lb. By using iubrication, however, 
friction was practically eliminated and it was then found that 
the wear due to passage of current was greater at the light pres¬ 
sure than at the heavier pressure, so that when the pressure was 
increased with lubrication the amount of wear was considerably 
diminished. An interesting feature in connection with these 
experiments was that the contact resistance between the col¬ 
lector and the wire when grease lubrication was used was actually 
less than with a dry surface. This at first appeared to be in- 
explainable. The fact, however, is indisputable and perhaps the 
best explanation is that between dry surfaces in air there remains 
between the metals a thin film of air particles. When the metal 
surfaces are oiled or greased the air is excluded and the lubrica¬ 
tion is forced away from the point of contact so that the actual 
contact between metals is more perfect than when made in dry 
air. This feature is not of great importance but it is of particular 
interest because it was at first thought that the use of a lubricant 
would increase the resistance of the contact. 

The following table taken from the tests shows the comparative 
rate of wear under different conditions: 


COLLECTOR PASSES PER 0.001 IN. WEAR ON 4/0 COPPER CONTACT WIRE 

AT 500 AMPERES. 



Copper Collector 


No 

Grease 


lubrication 

lubrication 











New 

Wire partly 



wire 

worn 

10 

400 

14,000 

180,000 

15 

200 

60,000 

250,000 


There does not seem to be any practical difficulty in the use 
of lubrication as a small amount of it applied to the grooves of 
the collector twice or three times a year is ample for the purpose. 
The small amount of lubricant which adheres to the trolley wire 
has a further advantage in making it difficult for sleet to adhere 
to the wire. 

On the score of convenience, the overhead contact system 
undoubtedly has some advantage over the third rail when an 
ample and ^uniform clearance can be- maintained. In freight 
yards, at road crossings and through special work the third rail 
is usually considered to be somewhat in the way and requires 
frequent underground jumpers which are expensive and fre¬ 
quently troublesome. 

Change in temperature affects both systems. The raiWtends 
to “creep” and requires anchoring or oiling of joints gr both. 
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The overhead system tends to sag in warm weather and stretches 
or breaks in cold weather. 

As to appearance, the third rail certainly has all the advantage, 
with a reservation in some situations where frequent villages 



p IG . i—R ecord Taken between Substations—Trolley 12 and 
21 Miles to Adjacent Substations—Third Rail 22 Miles each 
Way to Substations 

require so great a proportion of overhead collector as to destroy 
to a considerable extent the clean-cut appearance of the roadway . 

A high-voltage system involves long distances between sub¬ 
stations and correspondingly long feed through the distribution 
and contact system. 



Fig. 2 —Record Taken between Substations—Trolley 12 and 
21 Miles to Adjacent Substations—Third Rail 22 Miles each 
Way to Substations 


For single-phase systems the reactance of the third rail renders 
it unsuitable. For direct current the reactance has the effect 
of causing potential surges when the current is brok ®y ^ V „ 
tests show that the voltage kick of the third rail 
about double the normal line voltage under probable conditions 
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of current. In extreme cases it may be three times the normal. 
Similar tests on an overhead contact system show a similar 
voltage kick which may be double the normal. The voltage 
kick depends not only on the reactance but equally upon the 
speed of break of the load current.' When the reactance in 
circuit is great it is difficult to open the circuit quickly and as 
the oscillograph records show with the same circuit breaker the 
current decrease is not uniform and not nearly so rapid as with 
a circuit of low reactance. As a consequence the effect of high 
reactance as regards voltage kick is self-adjusting. This ac¬ 
counts for the fact that the actual volts rise is not far different 
for overhead and third rail systems. The oscillograms, Figs. 
1 and 2, are self explanatory and illustrate the effect noted. 

An inspection of these oscillograms shows, however, that the 



Fig. 3—Cross-Sections of the Aspinall Completely Protected 
Type of Conductor Rail, A . and the Running Rail, K . 

amount of energy stored in the rail is much greater than in the 
overhead system. This is shown by the relative length of time 
for the potential to fall to the normal value. 

H. M. Hobart: There is being installed between Manchester 
and Bury on the Lancashire and Yorkshire Railway, a 1200-volt 
third-rail contact system which is the invention of the general 
manager of the company, Mr. J. A. F. Aspinall, of Liverpool. 
The distance between Manchester and Bury is 9J mi. Trial 
trips have already been made over this road and the line will soon 
be open for traffic. The Aspinall type of protected third-rail 
is characterized by the collection of the current from the side 
of the rail and by the method employed for surrounding the rail 
with wooden guards. Fig. 3 shows a cross-sectional view of the 
conductor rail in its correct position relative to the running rail. 
It will be noted that a channel form of rail is used with a head 
sufficiently thick to provide a wide contact surface on the side. 
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One object of this form of rail is to provide a low center of gravity 
to prevent overturning. The rail is not bolted _ down to the 
insulator, C, but rests on top of it and is quite tree to expand 
or contract. The rail is entirely inclosed with boards of Aus¬ 
tralian jarrah timber, which cannot be set on fire. The only 
op enin g around the rail consists in a slot at one side of the cover 
for the accommodation of the current collector. There is not 
a nail or bolt anywhere in the protecting guards. The ordinary 
trackman or plate layer can keep everything m order and the 
electrical man is only wanted to look after the copper bonding. 
The angle-shaped wooden guard 3, in Fig. 3 rests directly against 
the rail surface. Another wooden guard shown at B protects 
the outer side of the rail A bent-metal distance-pieceiF ,, 
secured in place as sho,wn, between the rail and r 

are secured to the conductor rails, without bolts, by means of 
detachable metal clips, D. Wooden keys E, identical m shape 
with those used in Britain in fastening the running rails m their 
chairs, are held between the metal clips D and the wooden guard 
B. The clips D are made from scrap spnng plates, ot ^hich al 
railroad shops have large quantities. The clips Z3 vith the 
wooden keys P £, bind the two sets of timber and the rail together. 
The space at G prevents any accumulation ot water. One ot the 
running rails is shown in Fig. 3 at K with the wedge holding it 

“ Thif contact device, which, with its mounting, is shown in Figs. 

4 Jnd 5 !s hhiged and a single helical spring pushes the upper 

“ihfSSagS'rf ttdf Mnstruction over the usual form, 
appear to he S? 

The Lancashire &\ orkshire Kai Y ith 600 voltS] 

the schedule speed 30 xni. p As-ninall has long been inter- 

electrically tor many W Mr_ AspmaU has ^ ^ 

ested m the employment of g * lt d _ a ii ne with over- 

operation an experimental 4_mde, 3oUU volt ^ Brook The 

head conductor, between B rj • connected with tunnels 
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trification. These facts are mentioned to indicate that the 
chosen construction was adopted after long experience with 
electrical operation under local conditions. 

A. S. McAllister: Will you tell us how the rail is protected 
from sleet ?—I did not hear that. 

H. M. Hobart: The opening between B and B' (Fig. 3) is 
small, and the edge of B is seen to be beveled a little, so that the 
shoe bears firmly on the conductor rail. England has a mild 
climate, but I am of the opinion that sleet storms would occur 
occasionally. 

D. C. Jackson: In the latitude of London, I was told, some 
years ago a certain chestnut tree had been injured once in its 
life by sleet, and it was looked on as being a remarkable thing 
that there had been a sleet storm which would injure a tree. 

G. H. Hill: I think it would be interesting if we could ask Mr. 
Hobart to add to his discussion the method Mr. Aspinall uses 
for approaching that side approach in Fig. 6. It is a difficult 
problem to show the method of side approach with rail over 
branch tracks and cross-overs. 

H. M. Hobart: At approaches, the conductor rail is brought 
nearer to the running rail and the opening is wider, as shown in 
Fig. 6. 

R. L. Allen: May I ask Mr. Zogbaum if he can give us any in¬ 
formation as to the use of wooden horns for pull-off insulators 
on the catenary construction? 

Ferdinand Zogbaum: We have used both wood and porcelain.' 
The wooden horns held up very well. The wood insulators are 
used generally between tracks on pull-offs. They have been 
taken out every three years and cleaned and found to be in per¬ 
fect shape, in fact, held up better than porcelain. The porcelain 
insulators used under these conditions are turned sideways, 
opposite to what they should be, and the weather got into 
the porcelain and in some cases destroyed them. I should say 
that the wood was very good, certainly as good as the porcelain. 

D. D. Ewing: There has been presented here considerable 
information on the subject of third-rail maintenance. I was doing 
some research work along the line of railway maintenance not 
long since, and I found very little data obtainable regarding the 
increased cost of the third track, that is, the running track main¬ 
tenance. I would be pleased to know whether any of the com¬ 
panies have done work along that line and to find out whether 
or not the third rail increased the cost of the maintenance of the 
running rails. 

J. V. B. Duer: I do not know that we have any such data, 
but think we could probably find out and submit those data if 
it is desired. Of course, there is one point in that connection, 
and that is, that bonding will unquestionably increase the main¬ 
tenance of the track rail, but cannot properly be considered as 
part of the track rail maintenance. 

D. D. Ewing: I was comparing third rail to trolley. 
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Ferdinand Zogbaum: Mr. Hixson, in his paper, did not bring 
out the incline of the flexible hanger used on curves, which 
eliminates all hard points on the trolley wire. On the curves 
the hanger is inclined and forms a sort of lever and^ as the 
pantagraph goes around under the curve, the trolley wire rises 
slightly, and that does away with the necessity of the pull-off 
which Mr. Hixson described. Also in the tangent, we have two 
wires. The steel contact wire is attached t<D the copper feeder 
wire between the hangers, giving a very flexible and springing 

contact for the pantagraph. . 

J. B. Cox: Relative to the pull-off mentioned, on an ordinary 
curve, under ordinary conditions, single track, this loop hanger 
which allowed the trolley wire to hang right under the messenger 
was quite satisfactory. There was no trouble there at all. 
Where we had a number of tracks, however, as Mr. Hixson 
pointed out, one wire had to bear the strain or pull over two or 
three other wires, and there was trouble from swinging. Ihe 
heavy roll would pass under and hit, and so interfere, and there 
was trouble from striking. That was the case with the single 
roller. In the case of two units, with a pantagraph on each, 
and no connection between the two, there was little trouble, 
as a matter of fact, both with the loop hanger and the single 
trolley wire, which was suspended by the hanger directly under- 
neath the messenger. That construction is more flexible than 
where you have double wire and extra weight and less flexible 

cf T. Hixson: In reply to Mr. Zogbaum, I note by referring to 
Mr. Amberg’s paper, under Compound Catenary, it is stated 
that on curves above 2 degrees, temperature affects the align¬ 
ment of the trolley wire so as to Require a pull-off span between 
bridges. This would, therefore, seem to be one of the limiting 
features of this type of construction. With a pull-off span 
available it appears that the pull-off stresses could be taken 
care of without displacing the messenger and using a special 

^ir/egirdrcompound catenary construction of the type 
having the lower catenary parallel to the contact wire it seems 
unfortunate that advantage was not taken to obtain all Possible 
flexibility. This could have been attained by hanging the trolley 
wire from the lower messenger by a loop instead of ngidly cl p- 
hiftheXo wires together. A construction of such a type would 
also have been cheaper as well as permitting slack to be taken 
out of the contact wire without disturbing the hangers, 
general pull-off and hanger construction should be such as no 
to interfere with line elasticity as temperature variations are 
SkSi caSofln this way more easily than by adopting automatic 

te D P C a TYckson- Sl i er want to add just one thing, which was 
brought to my mind through Mr. Hill’s remarks. He speaks 
rf “he sSf-“ a “unce of the third rah, on account of >ts 
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magnetic character, giving some switching difficulties. At the 
Massachusetts Institute of Technology we are working on some 
experimental investigations of the “skin effect” in steel rails. 
That subject has been investigated again and again, and no 
results which could be accepted as final have been obtained, 
but I believe the remarkable skill and keenness of Dr. Ken- 
nelly, who has charge of this investigation, is producing 
some results that are accurate and will be serviceable; and if 
that proves to be the case, although these investigations are 
being made with alternating current, we will obtain data 
which may enable us to study the integrated self-inductance for 
the multiple of the filaments of a direct current in a rail, and 
thus enable us to give data by which difficulties such as Mr. 
Hill’s may be overcome. 
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THE PHASE ANGLE OF CURRENT TRANSFORMERS 

BY CHESTER L. DAWES 


Abstract of Paper 

A method of testing the phase angle of current transformers 
by comparing readings obtained on a wattmeter whose current 
circuit is first connected to receive a part of the primary cur¬ 
rent (the remainder of the primary current passing in shunt 
through resistance) and then connected to the secondary cir¬ 
cuit; the potential circuit is supplied from the primary voltage, 
and.capacity or inductance is used to give the effect of a low 
power factor in the wattmeter. Corrections are applied for 
the error of phase of the part of the primary current which 
passes through the wattmeter, and separately for the error 
of phase in the primary caused by the fact that the primary 
current is not exactly in phase with the voltage used to supply 
the wattmeter. A second method of connection is suggested 
which avoids the latter correction, and other methods includ¬ 
ing the use of a three-phase circuit are discussed. Results of 
tests are given, and also check obtained by the use of an a-c. 
potentiometer. The method requires only portable instru¬ 
ments. 


A T OR NEAR unity power factor, the phase difference be¬ 
tween the primary and secondary currents of a current 
transformer has a negligible effect upon the accuracy of power 
measurements. When the power factor is as low as 0.7, however, 
this phase angle may introduce an appreciable error in such 
measurements. If in addition to the actual reading of the watt¬ 
meter, the true power and the power factor be known, there are 
sufficient data to determine this phase angle. Methods for 
obt ainin g and using the data just mentioned, are outlined m this 
paper. Further, it may be noted that by means of ordinary port¬ 
able instruments, this angle may be measured with sufficient ac- 
curacy for practical work. 

Referring to Fig. 1a, one phase of a three-phase alternator 
supplies current to an ammeter A i, a bank of lamps, a second 
ammeter At, a wattmeter W, and the transformer to be tested, 

all in series. . 

In the first part of the measurements the transformer is not 

necessary, and may be either short-circuited or removed alto- 
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gether. It is usually convenient to have it in circuit. In 
investigating this method a 10:1 portable transformer was used. 
In addition to the lamps in series with the ammeter and watt¬ 
meter, other lamps are necessary as a load on the generator, to 
insure constancy of its wave form, since later the generator 
load will be increased to the rated primary current of the trans¬ 
former. If the capacity of the generator is not sufficiently great, 
its wave form may change, due to this increase of load. To pre¬ 
vent this change the extra lamps are left constantly in circuit. 

To obtain the effect of a low power factor in the wattmeter 
and thus to intensify the effect of the transformer phase-angle, 
either an inductance coil or a condenser is connected in series 
with the potential coil of the wattmeter. It may be desirable 
to take observations first with one and then with the other, as a 
check. So far as the wattmeter is concerned, the condenser has 



Fig. 1a 


the effect of a lagging current in the main circuit, and the induc¬ 
tance has the effect of a leading current. An air-core inductance 
is desirable, as the third harmonic current required by an iron 
core may introduce an error into the result. As an air-core coil 
of s uffi cient inductance and sufficiently low resistance may not 
always be available, the potential circuit of an induction type 
instrument is a very convenient substitute. 

A voltmeter V 2 is connected across the potential terminals of 
the wat tm eter This voltmeter and the wattmeter are each rated 
at 75 volts in this particular case, though a lower rating is de¬ 
sirable. The ammeter A i is not absolutely necessary, but is use¬ 
ful in adjusting the load of the alternator if this be found desirable. 
Neither is the voltmeter V i absolutely necessary, but in con¬ 
junction with V 2 it gives a very convenient check on the fre¬ 
quency. 
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With the connections shown in Fig. 1a the current 
A ,is adjusted to a value U, the desired secondary current of the 
transformer, and the voltage shown by y '. ,s a4j "*“ d 0 

convenient value Vi (120 volts in these particular tests). 

The wattmeter reading Wi will then be 

Wi = Ei h cos 0 W 

where 0 is the angle between the voltage and the current I P 
in the potential circuit of the wattmeter (Figs. > - 1 
Vi = Voltage across lamps (Figs. 1 a and 1 b ) 

E 1; E 2 = Voltage across wattmeter, W, and voltmeter, V 2 

1 1 = Current in 4 2 and W (Fig. 1a) 

1 2 = Current in transformer secondary (Fig. 1b) 

I = Current in transformer primary (Fig. 1b) 

• a -hioo. /-Mi-rrp-nt mil of the wattmeter 


'T'lno om-mP+PT A 





transferred to the secondary of the current [transformer, the 
potential circuits remaining undisturbed (see Fig. Ib ).*T 
transformer primary current I is adjusted unti 2 rea 2 , 
same value of current as before. The generator voltage is ad¬ 
justed until the voltmeter 7 2 gives a reading Et, equal to Ei. 
The primary current is presumably still m phase with Vd 8 
remains unchanged, the current passing through the wattmeter 
and the potential across its terminals are both the same as before. 
Therefore, any change in the wattmeter reading is apparently du 
to the phase displacement in the transformer. 

Let this angle of phase displacement be 0 and this last watt- 

meter reading be W 2 - Then, 

Wi = Eili cos (0 ± /3) = Eih cos (0 d= /3) 

- 1 2 usually leads I by the angle /3. 


(2) 
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Under these conditions the positive sign is taken when the 
inductance coil is used, and the negative sign when the con¬ 
denser is used (see Pigs. 2a, 2b). Also W% will ordinarily 
be less than W\ if inductance is used in the wattmeter potential 
circuit, and greater than W\ if capacity is used. 

From equations (1) and (2) 

e ■ cos "‘“g7T ® 



(0d= ]S) = COS' 1 


m 

Eo 12 


(4) 


from which /3 may be determined. 



It is of course necessary that 6 remain unchanged, hence 
the frequency must be the same in both cases. The ratio 



does not change with constant frequency, 


and hence may be 


used as a check of such constancy. 

The preceding discussion assumes that the currents Ii and I 
are in the same phase relation to V i. This is true only when the 
inductance of the ammeter and the wattmeter current coil taken 
together is negligible compared with the resistance of the l am p 
bank. As the angle /? is ordinarily much less than one degree, 
a very small inductance in these, instruments will cause h to lag 
behind Vi by an angle sufficiently large to introduce a very appre- 
ciable error in the results. 

In these experiments the ammeter and the wattmeter were of 
the well-known P-3 type, having 5-10 ampere scales. The 
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10-ampere scale of the ammeter and the 5-ampere scale of the 

wattmeter were used in every case. . • d 

To determine the magnitude of the error due to their indu^ 
tance, each one was .measured by a *Drysdale d.c a.c. p 
eter, and found to be as follows: 

Inductance of ammeter current coil. • ■ • • 

Inductance of wattmeter current coil.... 15.85 X10 nen y 

These inductances together produce a lag angle of 12 minutes 
in the circuit containing these instruments, and as 12 minutes 
neadyTne-half the angle that is being determined, a correction 

must necessarily be made for it. 

RefeSng to Figs. 3* and 3 b, J„ instead of be,ng m phase with 

Vi, lags by an angle a. 

Therefore, formula (1) must be changed o. 

/ »»\ 





the negative sign being taken with inductance and the positive 
sign with capacity in the potential circuit of the wattmeter 
When the ammeter and wattmeter current coils are transferred 
to the transformer secondary, 


Wi = £2 h cos (0 * 0) as before 


( 6 ) 


The positive sign is used with inductance, and the negative 

sign with capacity in the potential circuit. , , „ 

In either case, solving (5) and (6) simultaneously, the value 

of B + a may be found. _ x , 

Another error may occur after connection is made to the trans¬ 
former secondary. The primary cur rent I is assumed m p hase 
*See paper “ Measurement of Voltage and Current over a Long Arti- 
ficia" Power Transmission Line”, by A. E. Kennelly and F. W. Lreber- 

knecht. A. I. E. E. Trans., Vol. XXXI (1912) p. 1131. 
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with, the voltage Fi, but this is not exactly true. The current 
taken by the potential circuits of the two instruments, W and V 2 , 
is out of phase with V\ by the angle 6. Small as this current is, 
it may in virtue of its large phase angle introduce error as great as 
40 per cent, if the primary current be in the neighborhood of 
25 amperes. The error will be proportionately smaller with 
larger currents in the transformer primary. This angle will make 
the phase angle (3 apparently smaller than its actual value when 
inductance is used, and apparently larger when capacity is used. 
The angle f$ will be the mean of these two values, if the angle 9 
is the same when inductance is used as it is when capacity is used. 
In any event an exact correction can be easily made. 



Vi = Voltage across lamps. (See Figs. 1a and 1b) 

Ei, E 2 = Voltage across wattmeter IFand voltmeter V 2 . 

1 1 = Current in A 2 and W. (See Fig. 1a) 

1 2 — Current in transformer secondary (Fig. 1b) 

I = Current in transformer primary (See Fig. 1b) 

Ip = Sum of potential currents in W and V 2 . 

Referring to Figs. 4a and 4b, showing the use of inductance and 
capacity, respectively, 


TFi = Ei h cos (9 ± a) 


(7) 


the negative sign 
capacity, 


is used with inductance and the positive with 
W 2 - E 2 I 2 cos (0 - 7 =*= j8) (8) 


the positive sign is used with inductance and the negative with 
capacity. 

Then, 

9 =*=■a = cos -1 (9) 

JtSih 


W% 
E 2 1 2 


9 — 7 =t= (3 = cos" 1 


( 10 ) 



1915] 


DAWES: CURRENT TRANSFORMERS 


1591 


from which (3 + a - y can be determined, if inductance be used, 
and j8 + a + y if capacity be used. 

The angle y is found as follows: 

I t sin d 


sm y = 


(Figs. 4a, 4b) 


(ID 


h = 


E 2 


( 12 ) 


where 6 is the angle between V i and the total current Ip in the 
potential circuits of V 2 and W; d may be determined from formula 
( 3 ) with sufficient accuracy; r is the equivalent parallel resistance 
of the wattmeter and voltmeter potential circuits. 

The correction for 7 may be obviated by connecting one 
potential lead outside the current transformer, but dummy in¬ 
struments, having constants equal to those of A 2 and the current 
coil of Wi, must be substituted in the current transformer 
secondary in order to maintain the same impedance drop through 
the transformer. This appears to be a rather doubtful expedient. 

Below are given the results of tests made with a 10:1 portable 
current transformer. 

Inductance (2.36 henrys)_____ 


Meters 

in 

Primary 


Vi 


Ex 


W i 


s(0-a) 


120.0 


Meters 

in Vi 

Secondary_ 


34.25 




5.00 


87.5 


0.5105 


59° 18' 


Wt 


cos(0-r+/9) 0-rX£ 


120.0 


34.25 


5.00 


86.0 


0.502 


59° 52' 


B — r — 34' . . 

a — 12 ' (From inductance of instruments) 

r = 7' (Formula 11) 

0 = 29' ___- 


Capacity (4.41 pf)* 


Meters 

in 

Primary 

Meters 

in 

Secondary 


Vi 

120.0 


Ei 

53.2 


Ii 

5.00 


Wi 

116.5 


cos *4 6t<x. 

0.4375 64° 3' 


Vi 


Ez 


Wi 


cos 


(0-/3 -r) 9 -$'~ 


120.0 


53.2 


5.00 


120.0 


0.4510 


63° 12' 


/3 +« +r _ ^ (From inductance of instruments) 
r = 11' (Formula 11) 


j8 =28' 



* nf *= microfarads 







. - - ' - 
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The inductance of the instrument current coils is not usually 
known, and its determination may require the use of apparatus 
not readily available. By using the connection shown in Fig. 5, 
j3 may be determined without a knowledge of the constants 
of the instrument current coils. 

The potential circuit of the instruments is connected directly 
across the lamps in the instrument circuit so that the current 
in the potential circuit makes an angle 6 rather than an angle 
(0 a) with the current passing through the lamps. The cur¬ 
rent in the potential circuit also passes through the current coils 
of the instruments, but knowing its value and phase angle, its 
effect on the meter readings can be readily determined. 

Thus: 


I p = — 1 formula ( 12 ) 

p r 



Fig. 5 


The resistance of the potential coils is either marked on the 
instruments, or may be easily measured. 

Referring to Figs. 6a and 6b, 


cos 8 = 


W i 
Fill 


(13) 


h is the current in the current coil of the wattmeter. Since 
1$ is usually small compared with Ii, o may be found from (13) 
and as a first approximation, may be assumed equal to 6. 

Then <p, Fig. 6a and 6b, is given by 

Ip sin d 
sin = — Y 1 — 


( 14 ) 
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Another trial for the value of ^ may be necessary, but this 
method of trial and error is simpler than solving the figure trigono¬ 
metrically . 

Vi = Voltage across lamp bank. 

J g lj j? 2 = Voltage across wattmeter TV and voltmeter X 2 
j x = Current in A 2 and W (Fig. 1a) 
j 2 = Current in transformer secondary (Fig. 6a, 6b) 

I = Current in transformer primary (Fig. 6a, 6b) 
j. = Sum of potential currents in IT and X 2 
The phase angle of the transformer may then be determined 

as follows: 

cos § = -Jh - as in (3) ( 1B ) 

Jl i i l 


El- = cos (0 ± jS - 7 ) = cos (6 + 9 ± 0 - 7) ^ 16) 

£2 



The upper sign is used with inductance and the lower ones with 
capacity in the poten^tdr^ T by fonnula (11). 

L^are given the results obtained by the use of this method. 




Inductance 

(2.53 henrys) 

... 


Meters 

in 

Primary 

Vx 

120.0 

Ei E 

31.2 5.0 

Wi 

84.0 

cos 5 

0.5385 

5 9 

57°25' 1°1' 

5+9=0 

5S°26' 

Meters 

in 

Secondary 

Vi 

120.2 

31.2 

Jz 

5.0 

Wz 

81-0 

cos (0 4-£*“r) 

0.519 

8+P-r 

5S°44' 


i3-r = IS 7 
• r - 6' 


formula (11) 
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Capacity (5.35 (if) 


Meters 

in 

Primary 

Vi 

Ei 

h 

Wi cos 3 

* 

8 +v> 


120.0 

61.2 

5.0 

166.0 0.543 

57° 7' 2°3' 

59*10' 

Meters 

in 

Secondary 

Vi 

Ei 


Ii Wi 

cos(0- /3-r) 



•118.0 

61.2 


5.0 160.0 0.5225 

58°30' 





= 40' 






r 

= 12' 

formula (11) 





B 

« 28' 




Capacity (4.41/^) 


Meters 

in 

Primary 

Vi 

Ei 

h 

Wi 

cos 8 

$ 

8 -j-y — 8 


120.0 

53.1 

5.0 

125.0 

0.471 

61°54' 1°51' 

63°45' 

Meters 

in 

Secondary 

Vi 

Ei 


U 

Wi 

cos(<9- p~r) 

(S-/S -r) 


119.2 

53.1 


5.0 

120.0 

0.453 

63°4' 




B+r 

= 41' 






- 

r 

B 

= 11' 

= 30' 





In each of the preceding cases, the low power factor in the 
wattmeter was obtained artificially by connecting either induct¬ 
ance or capacity in series with its potential circuit. As a three- 
phase generator is usually available, the low power factor may 
readily be obtained by connecting the lamp load and transformer 
across one phase of the generator and taking the potential from 
either of the other two. The potential, if taken from one phase, 
produces the effect of a lagging current, and if taken from the 
other phase produces the effect of a leading current. In either 
case, correction for the angle y is obviated, since no low power 
factor potential circuit current passes through the transformer 
primary. The connections for this method of testing are shown 
in Figs. 7 and 8. 

Extreme care must be exercised when this method is employed, 
as the results are dependent on duplicating the current and 
voltage relations in each of the two tests, first when the amme ter 
and wattmeter are in the primary circuit, and second when they 
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are in the secondary circuit of the current transformer. The 
amm eter, A u and the voltmeter 7i are now absolutely necessary, 
the former to keep the load the same in each case, and the latter 
as a check on the unbalancing of the generator voltages. In 
fact, a third voltmeter connected across the third phase is de¬ 
sirable to serve as a check on this unbalancing. 



Fig. 7 


In addition to duplicating the load, the circuit constants should 
remain unchanged in both cases (Figs. 7 and 8). Consequently 
two dummy instruments are employed, an ammeter A,, similar 
to At and a wattmeter Wt, similar to 77 When A , and W i are 
m the primary circuit, these two dummies are connected in the 



secondary circuit of 

ptaces°in the^primary are ^en “ ^d’ctalct 

“ “ — d8b!e 
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error in the results, equivalent to the error introduced by the 
angle 7 . 

If the generator be so large that its voltages remain balanced 
under the load, power factors of 50 per cent , either lagging or lead- 
ing, are obtained. With a 12-kv-a., 120 -volt alternator, the writer 
obtained power factors of 61 per cent and 32 per cent respec- 
tively. 

The advantages of this method over those stated earlier in the 
paper are that neither inductance nor capacity is necessary, no 
correction for the angle 7 needs to be made, and a slight change 
of frequency does not introduce an appreciable error. On the 
other hand, more careful adjustment of the load is essential, and 
more instruments are necessary. 

Below are given the results of tests in which this method was 
utilized. 


Current Lagging 


Meters 

in 

Primary 

Vi 

Ex 

Wi 

h 

cos(0 ~ a ) 

0—a 


120.0 

140.2 

426.0 

5.0 

0.608 

52°33' 

Meters 

in 

Secondary 

Vi 

£2 

W* 

I 2 

cos(0jf 0) 

6+ 0 


120.0 

140.2 

420.0 

5.0 

0.599 

53°12' 



0 -fa 

- 39' 






a 

0 

= 12' 
= 27' 

(from inductance of instruments) 


Current Leading 


Meters 

in 

Primary 

Vi 

Ei 

Wi 

h 

cos( 6 -f a ) 

0 +<x 


120.0 

118.8 

188.0 

5.0 

0.3165 

■ 71°33' 

Meters 

in 

Secondary 

Vi 

£2 

IPs 

I 2 

cos(0- 0 ) 

6-0 


120.0 

118.8 

194.4 

5.0 

0.327 

70°55' 



0 +a 

= 38' 






a 

0 

= 12' 
= 26' 

(from inductance of instruments) 


In all these experiments the wave forms of the voltages and 
the currents in the primary and in the secondary of the trans- 
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former, and of the current taken by the potential circuits, were 
investigated with an oscillograph, and no radical departure from 
a sine wave was observed. 

These methods of determining phase angle are not advocated 
where a high degree of precision is desired. The results are 
dependent upon the difference of two nearly equal quantities, 
and a slight error in one observation introduces a much greater 
percentage error into their difference. On the other hand, the 
methods involve only portable instruments; ordinary errors in 
the ammeter and voltmeter do not affect the results, and the 
wattmeter reading changes so slightly, that it is a question if 
the instrument need be calibrated. Furthermore, the measure¬ 
ments can be made without introducing additional resistance 
into the transformer secondary. If the adj ustments and obser- 



Fig. 9 


vations are carefully made, the degree of accuracy obtainable 
is sufficient for most practical purposes. In fact, when power 
corrections for phase displacement are being made, it is not 
necessary to know the angle to a high degree of accuracy. 

To check the results obtained by the previous methods the 
phase angle of the transformer was measured with the Drysdale 
a-c. potentiometer. The diagram of connections is shown m 


The voltages across the resistances oa and ob were first 
measured. As the potentiometer necessarily measures their 
phase relations to the voltage E, it would seem that the 
phase angle could be determined directly from these two rea - 
ings. But the smallest division on the angle scale, corresponding 
to one degree, is about one millimeter, and hence the measured 
value of the phase angle would depend entirely upon the accuracy 
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of estimating tenths. Consequently, the voltage across the 
open ends, ab, was also measured. These results are shown 
vectorially in Fig. 10. Solving the triangle of voltages and 
correcting for the lag angle of the stand¬ 
ard resistances, the angle /3 is found to be 
28', which closely checks previous results, j 
Incidentally, the ratio of transformation 

jr Vo* 


found 


from these data is 


49.89 

5.008 


= 9.962. 


Fig. 10 


In closing the writer wishes to thank Prof. H. E. Clifford of 
Harvard University, and Prof. F. A. Laws of the Massachusetts 
Institute of Technology, for helpful criticisms and suggestions. 
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THE CALIBRATION OF CURRENT TRANSFORMERS 
BY MEANS OF MUTUAL INDUCTANCES 

THB MEASUREMENT OF MUTUAL INDUCTANCE AND SELF- 
INDUCTANCE AND ALTERNATING-CURRENT RESISTANCE 

BY rHAUl.KS FuKTKSrfK 


Abstkact UB VwhH 

Reasonsiitv t'ivi’ii f«»r tIn* selection nf muiitul inductances as a 
means fur wiW*rut»n« eurrent transformers, the im»st uiymiUmt 
,,f witi.-h is 1 H«- wide use tu which they may he put htsuits tht 
cuHtiruUMn of TurriMit transfonnors, .. , 

B‘hr i and mauoisu't urr ni t in* apparatus an* flcsmtu <1, 

reu-.-ms heii;. rive. f..r the ... the form -f the ..ndary 

«if the mil! ual intlnci a tree, which is it timitirmlv wtmmi 
nm . ,,||.1 nf the material used h*r the cure, namely, ui.uhh . 
fuiimila ice! in cab ul.tt m>; the values t.l mutual uiduetami 
! ami its hmi.at.uns -luted. Vuratinns ... physical di- 

mensi.ms air ,-»ve.> ami mm i in calculated value discussed. 

•I he method t.i. aliluatniK'hc mutual inductances is desmhed, 
which illustrates also mu’ method uf uanr the apparatus tut 

' measmitiK rutin, am! phase displacements 
hy means. .1 the apparatus and the inertls uf varums uistrunients 

'Atu mt'itn iwi* me' It'’’.! * tl'li lading't'h'e transfur mem. under test is 

'"'Phe' use nf Vhc'app'iuatus for meieumip; mutual inductance, 

.-If mdu. tarn and alt emit i»« current resist anee is desenbed. 

“ in . urn!., aun it e. Mated that the apparatus has been satisfac- 
„„ v , and has riven luth- duhenlty m mamifaeture. 

iNTHtdMTT HtS 

r-pi[|.; A« VfkATi*: calibration of current transformers is a 
1 problem of considerable commercial importance, but it 
in only m recent years that this fact hits been realized. As 

a result, null methods of measurement have come to be 
adopted on account *»f their etmvenienee and accuracy. 
appltralits herein described 0 believed to ««• the first commereia 
application «d mutual inductances for measurement of ratio and 
phase displacement, mi current transformers, , 

The u.e .d mutual inductances for measunnp, the ratio amt 
phase displacement of current transformers is not new; their 
employ incut t-.r the. purpose is mentioned hy Albert < ampbell, 
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B. A., of the National Physical Laboratory, in an article in the 
Philosophical Magazine , Vol. XIX, 1910. 

The method of using mutual inductances for calibrating cur¬ 
rent transformers described in the present paper was arrived at 
independently by the author, though later it was found that a 
similar arrangement of mutual inductances had been previously 
proposed by Messrs. Sharp and Crawford, in a paper presented 
at the Annual Convention of this Institute on July 1, 1910, 
under .the title 11 Some Recent Developments in Exact Alter¬ 
nating-Current Measurements.” 

The reasons that led me to prefer the use of mutual inductances 
to that of non-inductive resistances were : 

(a) The possibility of calculating the mutual inductance from 
the physical dimensions and thereby having absolute values. 

(b) The ease with which a high degree of sensitiveness may be 
obtained. 

(c) The great flexibility of the method. 

(d) The numerous uses to which mutual inductances of the 
range and character necessary could be put. 

In the above-mentioned paper, Messrs. Sharp and Crawford, 
commenting on the use of mutual inductances, say: 

“ The advantages of this method over the method using re¬ 
sistances are: 

(a) The energy expended in the apparatus may be made 
exceedingly small. 

(b) By properly proportioning the numbers of primary and 
secondary turns on the mutual inductances it is possible to obtain 
electromotive forces in the galvanometer circuit which are much 
greater than the drops in the primary coils, hence greater 
sensitiveness can be obtained without the introduction of an 
undue impedance in the secondary of the transformer under 
test. 

(c) It is not necessary to connect the primary and secondary 
circuits together, and leakage effects are therefore reduced. 

The disadvantages of the proposed method are: 

(a) Mutual inductances are not so easily calibrated as resist¬ 
ances. 

(b) It is difficult to construct accurate mutual inductances for 
large currents, although probably not more so than in the case 
of resistances. 

(c) Stray fields effects will influence the ratio directly, requir¬ 
ing astatic construction of the mutual inductances and great 
pains with the location of the leads carrying heavy currents ” 
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Messrs Sharp and Crawford, however, made no suggestions 
as “The means to be employed to overcome the disadvantage 
mentioned It is hoped, therefore, that the following statement 
2 tomeans used to overcome these difficulties in a testmg out¬ 
fit which has been in constant use for seveml 
interest not only to those directly concerned ®dh the tog , 
calibration and use of current transformers, but also to the phy 
cist, as exemplifying how methods generally con ^ered£ on 
taining only to physical laboratories may be adapted for use o . 
commercial 7 testing floors without any particular consideration 
being given to favorably locating the apparatus. 

Design and Constriction oe the Mutuad Inductances 

The fact that the apparatus was to be used 
testing floor made it doubly necessary to insure that no extern 
current could affect its accuracy; it was therefore necessary to 
have mutual inductances as nearly as possible perfecyasa - 
It is well known that a uniformly wound ring of uniform 
JecSon has no external magnetic force; it follow;i therehmetot 
its mutual inductance with any circuit which does not encircle 
it must be zero. On the other hand for a loop encircling th 
solenoid the mutual inductance is constant and mdependen 
of the size and position of the loop, provided tot the secon^iry 
winding is very fine and closely wound. This form of coil 
therefore admirably adapted for the seconds^ * “‘ 
inductance in which variations m value may be obtained by 
chining the number of primary turns encircling the secondary 

Considering the disadvantages enumerated in the paper by 
Sharp and Crawford, (b) and (c) immediately disappear if 
this form of construction be used with fine enough wire in the 
secondary; for, on account of the astatic featuresof the nng-shaped 
solenoid, the induced e.m.f. will depend only on he product of 
the primary current and the number of convolutions of 
primary winding and not on the space distribution of the en 
tircling currents. It is therefore as easy with this form of moil 
to construct accurate mutual inductances for large currents as fo 
small If the mechanical accuracy of the coil is sufficient to gi 
nearly perfect astaticism, then it should be possible to emulate 
the mutual inductance accurately enough to make calibr 
unnecessary. It is, however, not a difficult matter £ 
curately the ratio of two mutual inductances and this is all th 
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is necessary for the calibration of current transformers, provided 
that the mutual inductances are known with a fair degree of 
accuracy. The disadvantage marked (a), is therefore disposed 
of satisfactorily by this form of mutual inductance. 

The circle was chosen for the form of cross-section of the sole¬ 
noid rather than the rectangle, for the reason that while the latter 
would have made an easier form to machine the secondary would 
have been much more difficult to wind in such a manner as to 
insure perfect adherence of all the loops to the fiat sides of the 
rectangle. A ring of circular cross-section is considerably more 
difficult to machine accurately, but the secondary coil can be 
wound on it with greater ease and accuracy. 

It was necessary to decide on some suitable material from 



Series TransfSmer 



Direct Current 
Galvanometer I 


Synchronous 

Contactor 


Non Inductive Resistance R 


Mutual Inductance M 2 M ' 


Fig. 1—Diagram of Mutual Inductance Method of Calibrating 
Current Transformers 

winch to make the rings. On the basis of tests made by the 
ureau of Standards, marble appeared to be the most suitable 
material; it was therefore decided to have rings made of this 
material and carefully machined to required dimensions. The 
roug mg was done with steel tools, but the finishing cuts were 
made with a diamond. The variations in external diameters and 

cross-section measured at different points were less 
than 0.001 in. m the finished rings. 

for T rt, 0 p Pril lt iP f T UtUai inductances Mx and M, are required 
which T? h0d ° f v eSt Und6r discussion > a si mple diagram of 

m'znl m I lg , h ^ ° ther tW ° mutual Stances, 

accurate * a' & ^ graduatlons and do n °t require to be so 

mpfT f M \ Wasdesigned t0 a secondary e.m.f. of approxi¬ 
mately four volts with a current offive amperesat a frequency of 



PLATE CVH. 

A. 1. E. E. 

VOL. XXXIV, 1915 



[fortescue] 

Fig. 2—Completed Secondary Winding 



[fortescue]. 

M 2 Complete with Primary Winding First Used 
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60 cycles per second flowing through all the primary loops in series. 
Provision was made for cutting out the number of primary loops 
by one-half per cent steps, so that a minimum of 200 turns was 
required in the total primary winding. By means of the mutual 
inductances M 2 and M/ each 0.5 per cent step could be varied 
by smaller steps of one per cent of its value, thereby giving 
adjustment to 0.005 per cent of the total. 

In the design of M 2 , the size wire chosen for the secondary 
winding was 0.0201-in. double cotton covered round wire which 
when wo un d in a closed uniformly wound solenoid of 922 turns 
gives a mutual inductance of the required value. The average of 
a large n um ber of measurements made at distributed points on 
the marble ring on which this coil was wound gave 


Mean radius.8.96 Inches 

Radius of cross-section.2.99 “ 


The m aximum variations in the measurements did not exceed 
0.001 in. 

For convenience and accuracy in winding the finished ring 
was mounted on a mill-head in such a way that sections of the 
supports could be removed and replaced, leaving a section of the 
ring exposed for winding. As a guide for the wire a template 
giving the proper pitch for the convolutions was carried on a 
fixed support and fitted closely around the ring. The wire' was 
wound snugly against the template by hand and after each 
turn was completed the mill-head was rotated through an angle 
corresponding to the pitch of one turn and the operation re¬ 
peated. In this manner a very uniform solenoid was obtained. 
After completion the solenoid was brushed with several coatings 
of air-drying varnish and allowed to dry. The finished solenoid 
is shown in Fig. 2. 

The mutual inductance M\ was initially designed for a range 
of primary currents of from 225 amperes to 5 amperes, the cor¬ 
responding current for M 2 being 5 amperes; but provision was 
made so that later on a second set of primary windings, haying a 
range of from 5000 to 225 amperes could be added. The primary 
winding was sub-divided into 12 coils equally spaced around the 
perimeter of the ring, so that a large number of symmetrical 
groupings of the coils is obtainable. Each of these coils have 
22 turns of 0.144-in. double cotton covered wire. The secondary 
solenoid was of 0.0201-in double cotton covered wire, uniformly 
wound on a marble ring in the same manner as in M t and con- 
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tained 414 turns. The dimensions of this ring obtained in the 


same manner as for M% were 

Mean radius.4.02 inches 

Radius of cross-section.. 1 • 338 “ 


The primary winding of was initially made up of 10 
equally spaced coils of 20 turns each, one of which had loops at 
the end of each turn, but later on this was changed to a winding 
of 10 closed solenoids encircling the ring of 20 turns each with 
start and finish leads symmetrically spaced around the peri¬ 
meter of the ring. This change was made after finding that 
slight regularities in the winding of the secondary produced 
differences in the mutual inductance with different coils of the 
order of 0.2 or 0.3 per cent, and also because it was desired to 
reduce the self-induction of the primary winding when only a 
small portion of it was in use. 

The primary winding of Mi for the range of from 5000 am¬ 
peres to 225 amperes was later added and consisted of 12 single¬ 
turn loops symmetrically disposed and arranged for symmetrical 
grouping. 

The values of mutual inductances w’ere calculated by the 
formula 

* M = At U\ n 2 (a — Vc 2 — c 2 + 2& Va 2 — c 2 ) 

where a is the mean radius, c is the distance between the center 
of cross-section of the ring and the center of the wire, and k is a 
function of a, b and c, where b is the radius of the conductor. 
The value of k is 


k = 


1 

2 • 4 



+ 


1.3 

2-4-6 


1 

4 1 



1-3-5 1 / 675 1575 946 A 

' 2-4-6- 8 6! \ + 4 7 ° + 16 7 0 + 64 7 ) + /' 


2 be 

7 ~a^c 2 


5 = 


JL 

a 2 —c 2 


where 
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The above series for k is rapidly convergent for rings of the 

proportions given above and the correction is usually ex ^mely 

small and may generally be ignored. The formula was deduced 

on the assumption that the current would'beunifc 

uted over the section of the secondary conductor. This as 

sumption of course is not absolutely correct and there will be a 

slight variation in the mutual inductance, both with frequency 

and also with changes in the radial distance o the pmnary -wi 

from the secondary winding, dne to dranges m * he 

current over the surface of the secondary conductor W.thmth 

ranee of commercial frequencies the error due to frequency 

in these mutual inductances was so small as not to be discern- 

ibie and that due to differences in radial distance between th 
primary^ and secondary windings is probably of the same order 

° f ?hfSclted values of M, and M, with the maximum ' 
number of primary convolutions are 

Mi = 0.8265 millihenry. 

Mi = 3.0222 “ 

The value of Mi was measured by comparison with a mutual 
inductance which had recently been calibrated by the Bureau l of 
Standards and found to be 0.8216 millihenry, and the same 
value was obtained by comparing with M 2 using the above 

calculated value for M,. No reason has been found for this 

large discrepancy from the calculated value, but it has been 
attributed to a fault in the winding of the secondary solenoid 
of which there was some evidence, whereas m the case o s 
we were confident the secondary winding had been done correctly. 

General Assembly and Arrangement of Apparatus 
The apparatus was assembled so as to secure the utmost 
flexibility and compactness. The complete apparatus, including 
panels, dials, and mutual inductances, can be moved as a urn 
after being disconnected from the testing table. The secondaries 
of any of the mutual inductances may be reversed and by means of 
switches the terminals of the measuring device, which m this 
apparatus at present consists of a direct-current galvanometer 
and a synchronous contactor, may be shunted across the 
secondary of M 2 or across the non-inductive resistance R m the 
secondary circuit of the transformer under test. 

Panels for M 1 and Mb', which have a common secondary 
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winding, (Mi having a primary range 225 amperes to 5 amperes 
and Mi having a primary range of 5000 amperes to 225 amperes,) 
are arranged so that the 12 coils can be connected all in series, or 
groups of one, two, three, four and six coils in series can be 
connected in parallel between two busbars. Great care was 
taken in the case of the 5000-ampere winding to arrange the 
busbars and connections so as to make the stray field a mini¬ 
mum. A test made with 5000 amperes in the primary of Mi 
showed no appreciable effect on the secondary winding of M 2 . 

The primary winding of M 2 is connected to two dials num¬ 



bered 1 and 2, so that it may be cut into the electric circuit by 
steps of one-half per cent of its total value. M 2 is arranged 
somewhat differently from this, having a secondary consisting of 
10 complete closed solenoids which are arranged to be cut in or 
out of the secondary circuit of the mutual inductances by steps 
which are approximately equal in value to 0.0005 of M 2 ; 
M 2 ,r has its primary arranged so as to be cut in and out in 10 
equal steps approximately equal to 0.00005 of M 2 . The non- 
inductive resistance It is of manganin and has a sliding contact 
which carries only the galvanometer current. 

In addition to being laid out for measuring ratio and phase 
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Fig. 6—General View of Apparatus Showing Arrangement of 
Panels and Dials 


Fig. 7 —General View of Apparatus in Use 
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displacement of current transformers the apparatus is arranged 
for measuring mutual inductance, either by direct measurement 
or with the aid of an adjustable resistance bridge (Figs. 10 and 
13), and for measuring self-inductance and alternating-current 
resistance (Fig. 13). Figs. 5, 6, 7, 8 and 9 give a good gen¬ 
eral idea of the arrangement of the different elements in the ap¬ 
paratus. 

Calibration of Mutual Inductances 
Owing to the fact that Mi showed a discrepancy from the 
calculated value it was considered advisable to measure the 
ratio M 2 /M 1 for all conditions. The method shown in Fig. 10 
was used. The rectifier is set at angular positions to give maxi¬ 
mum sensitiveness for ohmic and reactive drop respectively. 



Fig. 10 —Diagram of Connections for Calibrating Mutual 
Inductances 

The resistances and reactances of the two sides of the secondary 
circuit of the mutual inductances are then adjusted by means of 
the adjustable resistance R 0 , and the adjustable mutual in¬ 
ductance L. Switch 5 is then opened and the resistance arms 
i?i and R 2 of the bridge are balanced and if these have mutual 
inductance a further adjustment of L will be necessary, in order 
that the galvanometer shall show zero at all positions of the 
rectifier. This procedure may be repeated until a satisfactory 
balance is obtained both with the switch closed and open, then 
the following relation holds: 

M% R 2 

Mi Ri 

It is not necessary for R 2 and R\ to be perfectly non-inductive, 
but they must show no change of resistance due to differences in 
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frequency, that is, their direct-current resistance must be the 
same as their alternating-current resistance at co mm ercial fre¬ 
quencies. The resistance bridge used was a five-decade bridge, 
a careful check was made on the accuracy of the bridge by making 
direct and reciprocal measurements; all measurements checked 
very closely, the maximum variation from the average of these 
readings being 0.0002 of the total value. The measurement cir¬ 
cuit was arranged so as to avoid as much as possible mutual in¬ 
ductance, but measurements were taken with the secondaries of 


-MU I UAL INDUCTANCE Mi IN MILLIHENRIES 
DIALS NO. 1 and No. 2 


Dial No. 1. Points 0 to 9 


0 1 2 3 4 5 6 7 8 9 


0.9071 1 
0.9225 1 
0.9376 1 
0.9526 1 
0.9678 1 
0.9830 1 
0.9982 1; 
1.0133 1. 
1.0284 1. 
1.0434 1. 
1.0584 1. 
1.0737 1. 
1.08871. 
1.1038 1. 
1.1188 1. 
1.1339 1. 
L.1490 1. 

L.1639 1. 

L. 1789 1 
.1939 1.. 
..2088 1., 


L2095 1. 
..2249 1.. 
..2400 1., 
..2550 1.; 
..2702 l.j 
..2854 l.j 
.3006 l.( 
.3157 l .( 
.3308 l.( 
.3458 l.e 
. 3608 l .( 
.3761 l.f 
.3911 1.6 
.4062 1.7 
.4212 1.7 
.4363 1.7 
.4514 1.7 
.4663 1.7 
.4813 1.7 
.4963 1.7 
.5112 1.8 


7 1.8140 

1 1.8294 

2 1.8445 

2 1.8595 
4 1.8747 
6 1.8899 

8 1.9051 

9 1.9202 
0 1.9353 
D 1.9503 
) 1.9653 

3 1.9806 
3 1.9956 
t 2.0107 
t 2.0257 

> 2.0408 

> 2.0559 

> 2.0708 
* 2.0858 
» 2.1008 
: 2.1157 


2.1161 
2.1315 
2.1466 
2.1616 
2.1768 
2.1920 
2.2072 
2 2223 
2.2374 
2.2524 
2.2674 
2.2827 
2.2977. 
2.3128 
2.3278 
12.3429 
2.3580 
2.3729 
2.3879 
2.4029 
2.4178 


2.4181 
2.4335 
2.4486 
2.4636 
2.4788 
2.4940 
2.5092 
2.5243 
2.5394 
2.5544 
2.5694 
2.5847 
I 2.5997 
2.6148 
2.6298 
2.6449 
2.6600 
2.6749 
2.6899 
2.7049 
2.7198 


2.7205 
2.7359 
2.7510 
2.7660 
2.7812 
2.7964 
2.8116 
2.8267 
2.8418 
2.8568 
2.8718 
I 2.8871 
2.9021 
2.9172 
2.9322 
2.9473 
2.9624 
2.9773 
2.9923 
3.0073 
3 . 02 22 


both mutual inductances reversed with respect to the rest of the 

0 0003 nfl f T nC f Wet€ f ° Und Which amounted to less than 
-003 of the total value which, were found to be due to the self- 

two^ ’ which was not asta tic, so the arithmetic mean of the 

tw o readings was taken for the true ratio M 2 /M x . 

It was found that in the case of M if „ ror , i 
to have the ratios for the series arrangement of the^rimary^oils 7 

seriel a U6S r the ° ther bein ® equal to that for the 

enes arrangement multiplied by the ratio of the number of 
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coils in series in the group to the total number. Tests were 
nevertheless made for the complete range of groupings, on 
the 5000-ampere winding, as well as on the 225-ampere winding, 
the sensitiveness being increased with the larger ratios by using 
larger primary currents. 

Tabulated values of M 2 derived from these tests are given in 
Table I, and the ratios, Mi/Mi, are given in Table II. It will 
be noted how close these values are to the calculated values for a 
perfectly astatic mutual inductance. 


TABLE II—RATIO. M*> Mi. FOR SMALL PANEL AND DIALS 
NO. 1 AND NO. 2. 







Dial No. 1. 

Points 0 to 9. 






0 

1 

2 

3 

4 

5 

6 

7 

8 

9 


0 

0.0000 

0.3680 

0.7361 

1.1039 

1.4721 

1.8396 

2.2078 

2.5752 

2.9431 

3.3108 


i 

0.0188 

0.3S6S 

0.7549 

1.1227 

1.4909 

1.S584 

2.2266 

2.5940 

2.9619 

3.3296 


2 

0.0371 

0.4051 

0.7732 

1.1410 

1.5092 

1.8767 

2.2449 

2.6123 

2.9802 

3.3479 


3 

0.0554 

0.4234 

0.7915 

1.1593 

1.5275 

1.8950 

2.2632 

2.6306 

2.9985 

3.3662 

© 

4 

0.0739 

0.4419 

0.8100 

1.1778 

1.5460 

1.9135 

2.2817 

2.6491 

3.0170 

3.3847 


5 

0.0924 

0.4504 

0.8285 

1.1963 

1.5645 

1.9320 

2.3002 

2.6676 

3.0355 

3.4032 


6 

0.1109 

0.47S9 

0.8470 

1.2148 

1.5830 

1.9505 

2.3187 

2.6861 

3.0540 

3.4217 


7 

0.1293 

0.4973 

0.8654 

1.2332 

1.6014 

1.9689 

2.3371 

2.7045 

3.0724 

3.4401 

a . 

8 

0.1476 

0.5156 

0.8837 

1.2515 

1.6197 

1.9872 

2.3554 

2.7228 ! 

3.0907 

3.4584 

'3 

pL| 

9 

0.1659 

0.5339 

0.9020 

1.2698 

1.6380 

2.0055 

2.3737 

2.7411 

3.1090 

3.4767 


10 

0.1842 

0.5522 

0.9203 

1.2881 

1.6563 

2.0238 

2.3920 

2.7594 

3.1273 

3.4950 


11 

0.2028 

0.5708 

0.9389 

1.3067 

1.6749 

2.0424 

2.4106 

2.7780 

3.1459 

3.5136 

o’ 

12 

0.2210 

0.5890 

0.9571 

1.3249 

1.6931 

2.0606 

2.4288 

2.7962 

3.1641 

3.5318 

£ 

13 

0.2394 

0.6074 

0.9755 

1.3433 

1.7115 

2.0790 

2.4472 

2.8146 

3.1825 

3.5502 


14 

0.2577 

0.6257 

0.9938 

1.3616 

1.7298 

2.0973 

2.4655 

2.8329 

3.2008 

3.5685 

s 

15 

0.2760 

0.6440 

1.0121 

1.3799 

1.7481 

2.1156 

2.4838 

2.8512 

3.2191 

3.5868 


16 

0.2944 

0.6624 

1.0305 

1.3983 

1.7665 

2.1340 

2.5022 

2.8696 

3.2375 

3.6052 


17 

0.3126 

0.6806 

1.0487 

1.4165 

1.7847 

2.1522 

2.5204 

2.8878 

3.2567 

3.6234 


18 

0.3308 

,0.6988 

i 1.0669 

1.4347 

1.8029 

2.1704 

2.5386 

2.9060 

3.2739 

3.6416 


19 

0.3491 

0.7171 

1.0852 

; 1.4530 

1.8212 

2.1887 

2.5569 

2.9243 

3.2922 

3.6599 


20 

0.3672 

: 0.7352 

; 1.1033 

; 1.4713 

1.8393 

2.2071 

2.5750 

2.9424 

3.3103 

3.6780 


Use of the Apparatus for Measuring Ratio and Phase 
Displacement of Current Transformers 
Table III shows the approximate panel arrangement and dial 
setting for transformers of standard ratio. The apparatus is 
set according to the value shown for the transformer under test 
and the load is adjusted from a table of resistance and reactance 
of the apparatus with the help of additional adjustable resistance 
and reactance which is provided for loading purposes. The 
angular position of the rectifier contacts which renders the galvan¬ 
ometer most sensitive to reactance e.m.f. is obtained by adjusting 
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until the galvanometer reads zero with its leads shunted across 
the non-inductive resistance Ri; in like manner the position for 
maximum sensibility for ohmic drop is obtained by a similar 
adjustment when the leads are shunted across the secondary of 
d/ 2 . The values of Mo and R are then adjusted until the galvano¬ 
meter reads zero, with both the above angular settings of the 


TABLE III—APPROXIMATE PANEL AND DIAL SETTINGS FOR GIVEN 
RATIOS OF TRANSFORMATION. 



r S hZrsrr o uitoXe a, “ si ° d tr “ sforaer 
the -ZtSi ? 8 to 
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where d is the phase angle and is given by 


tan 6 — 


R 

M2 p 


The above theory assumes transformation to take place without 
distortion, which is very nearly true in current transformers 
under light load, but when the load is heavy there may be ap¬ 
preciable distortion. Assuming 

'Z'2 — COS pt 

and » 

ii = Ai cos pt + AzCOsZpt + A$Q,o$>bpt +. 

+ Bi sin pt + B z sin 3 pt + B$ sin 5 pt , 

the conditions fulfilled by the balance are 




M2 

Mi 


a 1 


By + B, + B h - 


— - t x Mi T m ! 


It is evident from the above that where there is considerable dis¬ 
tortion the ratio as given by the apparatus will not be the true 
ratio of the root-mean-square values. 

The reason that the synchronous contactor or rectifier and the 
direct-current galvanometer were chosen for this work was on ac¬ 
count of the ability to withstand abuse and at the same time the 
sensitiveness of the galvanometer and its freedom from vibration 
and from the influence of alternating stray fields. The rectifier 
has been the principal source of trouble in this outfit, due to the 
breakage of springs and contacts. This trouble, however, occurs 
only at the highest frequencies, namely 50 to 60 cycles, and no 
trouble is experienced when operating at 25 cycles. 

If it were not influenced by stray fields and vibration, I believe 
a sensitive dynamometer, having one coil excited from a syn- 
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chronously driven sine-wave generator provided with means for 
changing the phase angle of the armature, would be preferable to 
the rectifier and direct-current galvanometer for use with this 
outfit. If it were possible to produce a pivoted instrument of 
this type sufficiently sensitive for this work a further advantage 
would be obtained. 

The vibration galvanometer has been recommended for this 
class of work, but though I have had no actual experience with 
it, it does not appeal to me very strongly on account of the diffi¬ 
culty of using it and its sharp frequency resonance. There is 
no way of rendering it sensitive to a change of M only, or to a 
change of R only. However, the latter difficulty might be over¬ 
come by viewing it through a synchronous stroboscope, which is 
provided with angular adjustment. 

The Einthoven string galvanometer used in a similar manner 
has been suggested and is about to be tried with this apparatus. 
It has a much flatter resonance curve and can be used with al¬ 
most equal sensibility within a five per cent range of frequency. 
The nodal vibrations of the string have given some trouble when 
the instrument has been used in certain kinds of null method 
testing and it is feared that similar troubles may be experienced 
when used with this apparatus. 

All the first-mentioned schemes of balancing ignore the dis¬ 
torting harmonics or give the ratio of fundamental primary and 
secondary components, and their phase displacement. This is 
the measurement required where the current transformer is to 
be used on a sine wave circuit in connection with the wattmeter. 

Proposed Artificial Method of Loading Transformers 

under Test 

It is often desirable to obtain calibration curves on current 
transformers at extremely low loads and often at no-load or short 
circuit. The primaries of M%, Mz and M/, were designed 
so as to have very low values of resistance and reactance; the 
actual resistance of the secondary circuit, including the 0.01-ohm 
non-inductive resistance and all the primaries of M 2 , M% , 
and in series, is slightly less than 0.1 ohm, and the react¬ 
ance is 0.32 ohm at 60 cycles, and 0.13 ohm at 25 cycles. It is 
possible therefore, even with the dial settings which give maximum 
sensibility, to obtain calibrations with this apparatus at very 
low loads,, but there is a decided drawback due to the fact (> that 
the power factor of the load cannot be made exactly unity or 
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exactly zero. To obviate this difficulty I propose to use two 
similar transformers in series, the apparatus being arranged so 
that the total primary current of one transformer alone passes 
through the primary of Mi\ across the primary of this trans¬ 
former and of Mi inductances or resistances are shunted as shown 
in Fig. 11 until the desired load is obtained on the transformer 
under test. If the phase angle of the load on this transformer 
only is to be shifted, then reactance may be shunted across both 
the primary of this transformer and of Mi in series, and resist¬ 
ance may be shunted across the primary of the other transformer 
or vice versa; according as it is desired to produce a leading or a 
lagging power factor. There are a number of ways of varying 
this method of loading transformer under test, some of which are 
being tried out with this apparatus. For measuring the value 



F IG . 11 —Diagram of Connections for Artificially Loading a 
Current Transformer on Test 

of the artificial load taken by the secondary of the transformer 
under test, a modification of the scheme described in the next 
paragraph (Fig. 13) will be used. 

Method of Measuring Mutual Inductance, Self-Induct¬ 
ance aistd Alternating-Current Resistance 
For the measurement of mutual inductance, the secondary of 
Mi is cut out of the galvanometer circuit by opening a switch 
and placing a jumper across its jaws. The power lines are con¬ 
nected to the terminals to which the secondaries of current 
transformers for calibration are connected, and the primary of 
the mutual inductance to be measured is connected across the 
terminals marked “ load.” A diagram of this arrangement for 
testing mutual inductances is shown in Fig. 12. The synchronous 
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contactor and galvanometer are set to give maximum sensibility 
for reactance and are connected so as to indicate the difference 
between M» and the mutual inductance to be measured; M% is 
then adjusted until the galvanometer reads zero. If the mutual 
inductance is larger than an additional standard mutual 
inductance may be connected in series with 

To measure self “inductance and alternating-current resistance 
the arrangement shown in Fig. 13 is used. This differs princi¬ 
pally from the method of measuring mutual inductances by hav¬ 
ing the non-inductive resistance K supplied with current from 
the primary circuit through a unity ratio current transformer in 
series with the galvanometer circuit, so that an o.m.f. in phase 
with and proportional to the primary current may be intro- 



Fit;. 12— Diagram of (Connections for Direct Measurement of 
M utual Inductance 


dueed. The self-inductance to be measured is placed across 
the terminals marked u load,” and potential leads are 
carried from the terminals of the selfdnduetanee it* the 
terminals on the apparatus marked u potential,” and a 
balance is obtained by adjusting Af g and R t with the 
rectifier in the angular positions to give maximum sensibility for 
each of these conditions, until zero readings are obtained in 
each ease. The readings of and M% and M% give the 
self-inductance and the value of R the resistance. This method 
is in general use for measuring the alternating-current resistance 
of current-limiting reactances and some very interesting observa¬ 
tions have been made with its help. The method is so sensitive 
that the effect of the proximity to a large reactor of a man with 
keys in his pocket can be detected. It was found that when 
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measuring large reactors the presence of any other reactors m 
the neighborhood, having multiple wound coils, had a large 
effect on the apparent alternating-current resistance, due to 
the circulating currents set up in them through mutual indue- 


tance. 


Conclusion 


The apparatus has proved to be very satisfactory. Little 
trouble was experienced with the design and manufacture of t e 
mutual inductances. It is believed that the design, manufac¬ 
ture, and calibration of reliable non-inductive resistances for 
the same range of current values for the first time would have 
been a much more troublesome task. 



Yig. 13 _Diagram of Connections for Measuring Inductance and 

a r attng-Ourrent Resistance 


A higher degree of sensibility may be obtained with this method 
than with the shunt resistance method and it is believed to be 
in many respects more accurate. There is no correction to be 
made in the phase angle measurements, whereas in the case 
of shunts corrections may have to be made, due to the reactance 
of the non-inductive resistances. It is believed that the accuracy 
is well within one part in 10,000 for any setting. 

The apparatus has many other possible applications besides 
those already mentioned and has fully justified its cost. 

* I wish to take this opportunity to thank Dr. Sharp for advice 
given in connection with the design of the synchronous 
contactor. 
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Discussion on “ Phase Angle of Current Transformers” 
(Dawes), and “ Calibration of Current Transformers 
by Means of Mutual Inductances” (Fortescue), Deer 
Park, Md., July 2, 1915. 

George A. Campbell: This paper is of great value to us, and 
we shall adopt the method of measurement which Mr. Fortescue 
has developed with results which are, from both the theoretical 
and the commercial standpoint, so eminently satisfactory. The 
method belongs in the category of null conjugate branch methods, 
together with the Wheatstone bridge and the induction balance, 
which are well known to be the most accurate of all methods, as 
neither deflections^ nor test current magnitudes are involved. 
T\ i.houc constructing any special apparatus, we have recently 
been trying the method for measurements of mutual impedance 
the circuit being similar to Fig. 12 of the paper, but with the 
non-inductive resistance R included as in Fig. 1 of the paper 
and with a telephone substituted for the synchronous contactor’ 
At telephonic frequencies, accurate measurements are easily 
ana quic.dv made. In the development of permanent apparatus 
tor the method, it will presumably be advantageous to adopt the 
circuit idea of Fig. 13, as well as the toroidal type of coil which 
Air. Fortescue has shown to be so well adapted for accurate 
commercial work. 

For 25- and 60-cvcle measurements, we would suggest the use 
or two dynamometers with their field coils energized, one in 
phase with the testing current and the other in time quadrature 
witn the testing current. _ If the movable coils are then connected 
imo a.potential circuit in which resistance predominates the 
deflections of the first and second dynamometers will be app’roxi- 
matdy proportional to the mutual resistance unbalance and the 
mutual reactance unbalance, respectively. These simultaneous 
quadrature indications would greatly shorten the time requfred to 

m jal t nce and r? ake U p° ssible to use this null method in 
tne held where conditions are more or less fluctuating The 

bf SibraTn 1 ? thf °d ** ^ f ° r the bala *ce-deflectionmethod 
JtLii ivY S th dynamometers accurately enough for the 
.mall differences to be determined by the deflection! 

eterf' t0 l! J ustrate this use of two dynamom- 

m the resistance A and the fixed coil of dynamometer D tw! 

?*! 

resis?M“(' a i C1 (S" : j5° th o tem, *" 1 . aJs °l the s ™all non-inductive 

—potential for 

anv network on the uetween any two points m 

will withstand the potentials'and that' the . a PP aratus 
ranee between the^enf.^pSS 
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small compared with the network admittance with which it is 
placed in series. Self- and mutual impedances are therefore 
measured without change in the set, and mutual impedances, 
as well as self-impedances, may have any phase angles. By in¬ 
serting a mutual inductance Mi at any point of a network, the cur¬ 
rent at that point may be measured. The wide use of the method 
thus seems to be best illustrated by Mr. Fortescue’s Fig. 13. 

Simultaneous quadrature indications might be obtained with 
two dynamometers excited from a small synchronously driven 
generator, the use of which is suggested in the paper. This 
would have certain advantages, but a single generator would not 
be suited for the entire range of power and telephone frequencies. 

Simultaneous quadrature indications could be obtained with 
two contactors, each provided with its d-c. galvanometer. They 
could also be obtained by using two vibration galvanometers 
arranged to give Lissajous ellipses, connecting one in the current 
circuit and the other in the potential circuit and reflecting a 



Fig. 1 


single beam of light in sequence from both mirrors. Many 
other methods of securing simultaneous readings might be sug¬ 
gested, making use, if desired, of the synchronous stroboscope and 
Einthoven string galvanometer suggested by _ Mr. Fortescue. 

As a uniform single-layer coil wound on a ring encircles the 
axis of symmetry of the ring with one turn, such a winding will 
have an external field, and it may have mutual inductance with 
a circuit which is not looped with the ring. The fewer the turns 
in the layer the greater the relative importance of this loop. 
This effect can be guarded against by using two layers wound m 
reverse directions around the axis, by doubling back the conduc¬ 
tor in two or more strands outside of the single layer, or by begin¬ 
ning the winding with a single turn around the axis at the mean 
position of the winding. To prevent the possibility of this 
requirement being ignored when it might be of importance, it 
would be well to cover this point in referring to the well-known 
property of toroidal coils, even though this is m no way a matter 
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which affects the intrinsic accuracy of the mutual inductance 
method. 

I believe that the theoretical correctness and the practical 
convenience, accuracy and flexibility of this method will lead 
to its extensive use. 

L. W. Chubb: This apparatus which Mr. Fortescue has 
originated has been in use for some time, and I wish to call atten¬ 
tion to one or two points that do not seem to be brought out 
very clearly. 

The apparatus is used in the shop, not in the laboratory—it is 
not essentially a laboratory method. It is built as a unit and 
used in the transformer testing department by men who work 
more or less by rule of thumb. The apparatus has been in use 
for all kinds of different testing. Even in the different laboratories, 
when it is necessary to find the effective resistance of certain 
reactances or test mutual inductances, or make any other careful 
tests for research work, we find the men taking their problems to 
the shop instead of the shopmen taking their problems to the re¬ 
search department. The apparatus is always available and 
can be arranged to make very accurate tests in this way. 

Clayton H. Sharp: There is no doubt that the importance of 
the measurement of the ratio and phase angle of current trans¬ 
formers is great enough to justify all the work in making the 
apparatus which Mr. Fortescue describes, if it were applicable 
to that work alone; but he has shown it can be used also for other 
very important kinds of work. It differs from apparatus in 
use elsewhere, in that mutual inductors are used instead of non- 
inductive shunts. It would seem that the mutual inductance 
method has advantages over the non-inductive shunt method, 
in that it can be applied to other fields of work. For the measure¬ 
ment^ of the current transformers alone, it would seem to be a 
question of which is more convenient to make and calibrate 
rather than anything else; that is to say, the decision as to which 
method is chosen is to be based on the matter of convenience and 
cost, rather than on any essential differences between the shunt 
and the mutual inductor method. 


I would like to ask Mr. Fortescue if he considers that it is on 
the whole advisable to go to the trouble of making the inductors 
in a form such that their mutual inductance can be computed 
rather than to make up something which has about the requisite 
value and then to determine what that value is by comparison 
with a standard. . I am rather impressed by the large amount of 
apparatus which is shown in Fig. 7. This may not all be essen- 

uTed ^ Certair ^ y a g00c ^ * ess ^T^red if the shunts are 

Regarding the method of detecting the zero balance, Mr. For¬ 
tescue has used a synchronous reversing key and d-c. galva¬ 
nometer. That method has some great advantages—it makes a 
S ^° P 0U ? ofwliat would otherwise be a laboratory meth¬ 

od. The vibration galvanometer has been mentioned in this 
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connection. We recently had some experience at the Electrical 
Testing Laboratories with the vibration galvanometer. The 
vibration galvanometer is made to vibrate, and it is very partial 
to vibrations. It does not care particularly whether they are 
electrical vibrations or mechanical vibrations, so that if the 
galvanometer is not on a foundation which is free from vibra¬ 
tions, it is likely to do anything. We found we could not use it 
without resorting to some elaborate system of anti-vibration 
supports. It is not a shop system. 

Mr. Fortescue refers to the separately excited electrodyna- 
mometer. We have recently 7 found on the market a little pointer 
electrodynamometer, which is very 7 sensitive indeed, sufficiently 7 
sensitive for this work. Its field is excited with current at any 7 
desired phase-angle by 7 using a phase-shifter constructed from a 
small induction motor. Hence the in-phase and the quadrature 
components of the secondary 7 e. m. f. can be compensated separ¬ 
ately. This also can be classed as a possible shop apparatus 
rather than as purely a laboratory apparatus. It gets nd of the 
trouble, if there is any, of synchronizing the motor, and also, 
what is of importance under the same conditions, of the noise 

made by the vibrating switch. # ^ 

Tames R. Craighead: A few years ago it became necessary 
for us to select a method of testing current transformers tor 
detail development in our laboratory. At that time the shunt 
method and the mutual inductance method were both under 
consideration. The determination to take up the shunt method 
was really based on two difficulties connected with the mutual 
inductance method, one of which Mr. Fortescue seems to have 
thoroughly eliminated. The two difficulties were, first, the lar B e 
n um ber of small contacts to be kept in practical working opera¬ 
tion That difficulty, according to Mr. Fortescue s statement 
and diagram, seems to be still left in the method. The second 
difficulty was the fact that our mutual inductances were easily 
affectedly stray fields, external metal masses etc., so that the 
results we obtained did not make it worth while to develop the 
method in opposition to the shunt method. Consequently, 
we have used the shunt method, but I feel that m eliminating 
what is really the chief difficulty of the mutual inductance meth¬ 
od Mr. Fortescue has made a big step m advance and pro 
something which will undoubtedly be a satisfactory method 

te tn! question that always comes up in the comparison of meth- 
ods of testing current transformers is—what will be the effe 

* of varying 5ave form of the supply circuit m each method? 
Here we get a distinct difference between the results obtained 
bv the shunt method and by the mutual inductance method 
because of the different effect which the hjraooKS h ^e^. 
two cases In the mutual inductance method the harmonic 
are present in the secondary of the mutual inductance, as the 
firs/differential of the corresponding harmonics of the current 
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wave, and consequently have a tendency to be exaggerated and 
to give a somewhat different effect in phase angle measurement 
from what is obtained by any direct comparison of r.^m. s. 
values. In the shunt method the harmonics are present in the 
form of a drop across the shunt, which corresponds to the current 
wave, instead of the differential of that wave, and this tends to 
make its effect in any apparatus through which it is used propor¬ 
tional to the value that would be obtained by a comparison of 
the r. m. s. values instead of some other function. This is a 
slight advantage for the method, but one which is by no means 
conclusive, because errors in ratio and phase angle tests due to differ¬ 
ences of wave form are so small. We have tried comparative tests 
on current transformers a great many times, using a rather exag¬ 
gerated wave on one of the machines in our laboratory, as com¬ 
pared with a wave which is within about one per cent of a true 
sine, and the difference in ratio obtained by two different methods 
of test is limited to about 0.2 of one per cent in the extreme, for 
quite a wide variation of waves. The difference of phase angle 
is limited to between 5 and 10 min. in the same case. Test 
on the actual wave form on which the transformer is to be used 
is therefore usually unnecessary. 

This method which has been presented is worthy of thorough 
consideration and comparison in any place where convenience 
and use in the shop are to be considered. The shunt method is 
also extremely simple and easy to use, but it involves the use of 
sensitive instruments to a higher degree than the mutual induct¬ 
ance method, and it also involves the use and preparation of 
shunts of large capacities, the difficulties of making which are 
pretty well understood, and whose construction up to a few 
thousand amperes is perfectly practicable. 

Mr. Fortescue is using a commutator and a galvanometer as 
his means of test. This question has been discussed at several 
previous Institute meetings, and I will not go into that again. 
I suggest that the separately excited dynamometer with phase 
shifting excitation has proved satisfactory in other methods 
and should prove satisfactory here. 

In regard to Mr. Dawes’s paper on the phase angle of current 
transformers, there has been a need for a considerable while for 
some practical means of testing transformers under actual load 
conditions without the introduction of any secondary instrument. 
The method which he presents offers the very great advantage 
of all owing exactly that; that is, it is possible during the test of 
the transformer to use in the secondary not only the same kind 
of instrument, but exactly the same instrument and same cir¬ 
cuit connections which will be used when the transformer is 
used for accurate testing. At the same time there are several 
elements which, except under the most careful supervision by 
thoroughly expert men, and with instruments in thoroughly 
good order, might militate against the success of the measure¬ 
ments. 
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There are several correction angles which 
in order to obtain accurate resu . ^ resu pt s checked to 

tion angles are <ff v Is a little the appearance that 

such an excellent point, tna & alwavs be easy, whereas 

the correction for these angle* would ^waysj angle 

I think it would iiot.be. I _ , g ^ n( juctance of 

called alpha, which is the .^ arL£ L- • dependent on the instru- 
ammeter and wattmeter cods. This is ^penaen^ ^ be ^ 

ment used and the resistance p but that is not always 

mined by large resistance and‘ “cessary to use 

easy to do, for the reason that t .s froquemiy J 

currents up to the full in order to use 

circuit must necessarily be of . P ri resistance to 

current and potential m me # . • t - h t p e wa ttmeter and 

inductance or capacity used in secondary 

rss 

“-"fe rowtr'= sx 

ISftiS^it toy fXTor variation of this angle has only 
the angle betwe*. <^*"1'£ potential 

S5S-3Sr.&Ss=: 

assess 

is Carried well up on the scale of the instalment employed— 
is camea wen P cmTen t in that circuit, or an instrument 

' nf q hirii impedance, both of which may be objectionable—that 3 
or 4 per cent difference will be a difficult quantity to read to the 
riknmev that is desirable to obtain these angles correctly. _ In a 
phase angle of 28 min., such as is represented here, the variation 
corresponding to one minute would be perhaps one-fortieth of th 
difference of reading or about 0.1 of one per cent That is a 
pretty dose point to which to hold readings of that kind. 
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I am not attempting to object to the method m calling atte 
tion to these practical difficulties m the operation of it. The 
method appears a thoroughly practicable one, and one which can 
be carried out successfully, but it would require a most thorough 
and careful handling of the entire instrument situation m order 
to <ret results, so that if used in routine or in the shop, it would 

be attended with decided practical difficulties. Dawes’s 

Clifford W. Bates: There is one point m regard to Mr. iJawes s 
paper about which I would like to remark. Assuming that the 
data are correct to the last significant figure, the magnitude of 
the errors is about 1 part in 500. The cosine of the apparent 
chase angle is calculated from these data (probably by the use of 
four-olace logarithms) and the phase angle itself is found an 
expressed to single minutes, that is, to an accuracy of about one 
cart in 3000 or about six times as accurately as the data trom 
wffich it was obtained. It is to be expected that thismsult is 
correct to rather less than one part m 500, or to about 6 mm. Then 
the different determinations of the transformer phase angle 
(which depends on the apparent phase angle) would be expected 
to show deviations of rather more than 6 mm., but this is not 
the case, as the various values found are 29 nun., 28 mm., 24 mm., 
28 min., 30 min., 27 min., and 26 min., with an average of 27.5 
min. and an average deviation of 1.5 min. . 

In view of the fact that a calculated result may be m error by 
as great a percentage as the least accurate linear factor, I would 
KVa tn asV Mr. Dawes how he accounts for the rather surprising 


& In regard to the matter brought up by Mr. Robinson, I would 
like to remark about the magnitude of the error which may be 
introduced by the phase angle of a wattmeter. We are accus¬ 
tomed to read that the wattmeter may introduce a bad error 
into the determination of the power taken by an inductive 
circuit. I had occasion to investigate this error recently, and m 
the course of my investigation I had the phase angles of all the 
portable wattmeters available measured. These included six 
different types of dynamometer wattmeters made by several 
different manufacturers—some American and some foreign. 1 
found that, in the case of the instrument whose error was greatest, 
the absolute error at zero power factor was very little more than 
the error of reading the scale. To take a concrete instance, 
consider a meter whose normal range is 500 watts, and use it to 
measure a load of 500 volt-amperes at 1 per cent power factor. 
The instrument reading, if correct, would.be 5 watts. Using 
the constants of the worst instrument which I had available, 
the error due to phase angle would amount in this case to about 
2 watts (2/5 of one division). If this is considered as a percent¬ 
age error, the error is 40 per cent, but as an absolute error it is 
almost negligible. Nearly as much error would be made in the 
reading itself; so that I consider that the phase angle error of a 
wattmeter is practically negligible under all conditions. These 
remarks apply only to wattmeters used without transformers. 
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r . n ,„ a CamDbell: I am interested in dynamometers, 

and would ask Dr. P Sliarp the name of the pointer dynamometer 

“nSlVstot,- It is an instrument made by Robert W. 

£ a netting and is remarkably sensitive. If you 

sr Ct^ni £ 

4sr=esf r sr g fifS SiTuSSn'of ^00“ 
trodynamometers, a t Cambridge we am^ir^^Sumpnera-^ ” gng d 

permanent injury is concerned. At present we are u g 

£ tffiffiSSSS. 

60 cycles per •> . mp cm. from the instrument, 

IfSiSSSSSSS 

tiinprl and it rives plus and minus deflections. ^ 

‘Vipreciat? very, much 

SvaS“ S Ld”he w£«oroft?s mSd P of phase angle 
determination. I have already anticipated most of these limi 
Stiom For instance, when I saw that the inductance of the 
current coils of the instruments was such an important factor 
in the phase 

because itscosine is the ratio of the wattmeter reading to th ® 
nmneres There is no possibility of it changing m the two cases, 
everTwith an Iron cor? inductance, because the voltage across 
this inductance is the same in each of the two cases. The ° J 
Jion to usins an inductance having a magnetic circuit entirely of 
iron is that a third harmonic might be introduced into t le po en- 
tial circuit current due to the changing permeability of■ t:he * 

I avree with Mr. Bates’s statement that the number of sig- 
nificKIgSs should not represent a higher depee of pr^oon 
than that to which the measurements were made. I think tha 
he has £ mind, however, the case of commercial instruments 
used in the or dinar y manner to measure current, potential, and 
nnwer Such instruments when calibrated may have a precision 
of about 1/5 of 1 per cent, corresponding roughly to three sig- 
nifkanffigures In my particular case, however, the absolute 
measurement of current and voltage was not essential, for th 

E&S SS5S£ S “ 0 fdi r ^ 

errors into the phase angle measurement, but would, of course, 
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show an erroneous value of secondary current. I only need to 
make the adjustments such that the ammeter and the voltmeter 
oointers come to the same scale readings in the two measure¬ 
ments and this can be done very accurately, especially when the 
oointers are in the proximity of a line. . The wattmeter reading 
changes so slightly that its calibration is hardly necessary, but 
as an extra precaution, I checked the instrument at the points 
near which it was used. In view of the above facts and also 
because I was able to make very fine adjustments ox both the 
frequency and the voltage, I feel justified in carrying the result 
to four significant figures, one figure more than is justified under 
SdinTry commercial conditions. But even then my results 
varied between the limits of 24 and 31 mm., about 4 mm. on 
eachside of the actual value of the phase angle. This gives a 
nrecision of only 15 per cent in the angle itself However, as 
a corrective term, the phase angle is added or subtracted from a 
much lamer angle and the above 15 per cent maximum error 
then will affect the final results but slightly, m fact, to a much 
less extent than the errors of the instruments themselves. 

If as Mr Bates contends, I am going beyond the precincts of 
nrecision in expressing my results to the nearest minute, my only 
alternative is of course, to express them m tens of minutes,, or 
tcfusefonly 'one significant figure. Even a casual observation 
indicates that the results are entitled to more significant figu 

th The?is another application of this method that is not men- 

There is anoiner^pi a standar d transformer of 

be j8'. 

Then from formula (8) 


W 


= E I cos (6 - y) ± P J 


transformer, and readings Wi, E* and Is taken. 
Then 


W* 


= E 2 / 2 cos [ (0 - 7) ± /*] 


As (0-7) is now known,. P is the only unknown quantity, 
and so may be easily determinech available the corrective 

tenn^are^elkniim^e^and Dr^^ampbieh ^s 
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advantage of using properly excited electrodynamometers, 
which matter Dr. Sharp has also brought up. 

I would also draw more particular attention to the tailure to 
bring out the important point in this paper, which Dr. Campbell 
has drawn attention to. I state in the paper: It is well known 
that a uniformly wound ring of uniform cross-section has 
external magnetic force; it follows, therefore, that its mu 
inductance with any circuit which does not encircle it mus 
zero.’’ Dr. Campbell points out the fact that there is a revolu¬ 
tion for each completely wound ring, round the axis of the ring 
and such a coil has an external magnetic.field. Therefore, 
statement in my paper should be qualified bv 
the first sentence, “with the proper disposition of the fimshmg 
leads.” This may be done m several ways, as Dr. Camp 

^Dr °Sharp °brings up the point—is it worth while to take so 
•much" oains to attempt to make the method absolute; I may 
Sy aKele S things involved here onems to make xt 

absolute-^ makingTt aSatirthe^os^bility of making it also 
ical Accuracy in the machimng of the rings, which also s =,=, 

S^feg^e^ ^etSy 

"Sev'e n^«|Sw| 

d£lt££l 'Twd doTor. Sharp has yxggestei compare it 

to be ‘“l* ? P The^trouble frith most firing diagrams xs 
sbown in Fig- tVian "they really arc. 

that they look more com 0 i this device, 
is very little apparatus, c * 0 f t ^ s apparatus; it is 

Table III gives an 1 ea . standard transformers over 

capable of measuring the ° to 4000 to 5 amperes, 

a range of ratios from 5 to 5 amperes^o ^ near the 

The apparatus is arrange t^ ^ arrangement shown m 

maximum sensibility as P..,, standard method in use m tlio 

Fig. 5 was adoptedbecause it is the standard m ^ q£ 

testing department ° relations. The 

testing transformers in se aI J[ the testing hands 

ssp “ rtc iep~?, 

rSTiy tie posf hiri S oi — attent . mi , s t]ae 

Another difficulty, to which Dr. bn p contacto r. We 

SSS£S a polyphase machine. Otxe 
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drawback on acommercialtestingfloormthe use of tte contact 

method is due to the fact, that theperson using tins apparaitus 

is not the only one on the circuit. Heavy y t check 

anv oarticular phase, so that it is frequently necessary to cnecK 

well obviated on commercial circuits. r or ' m 

Dr. Craighead calls attention to the P°^ lb ^ y t o distorted 
the measurements made with the appara , n t method 

waves. I think there is an error, both with the ^t methoo 

and with the method under discussion. CU V at of the 

form of the primary winding were the same as tnar ox uie 

secondary winding, the mutual inductance b ^ h c %^° a i ;} d Ad¬ 
duce little error. The error comes m mostly Jw disS- 
rature component of current which produces the phase ais P-^ce 
transformers the 

extremely small; usually it is something iess than one degree 
that the Y errors in ratio are extremely small. Errors'due to 
HiQtn-rtinn of the primary current are also extremely sma . 
The instruments used in balancing are in reality 
ant as a source of error than the method. . obtain as 

tests of this kind, it is important to take pains to obtain 
nearly a sine wave current in the primary as possible. All 
commercial measurements are based on sine> xwave measure¬ 
ments, and the testing of current transformers shou J d be ca ^ 

out under sine conditions as nearly as pft is not a hard 
matter to reduce the distortion m a circuit enough to obtain 

S °In m^ard^o^Dr. Sharp’s remarks as to the relative merits of 
mutual Inductance and shunt for current transformer calibra¬ 
tion I wish to point out that for commercial testing floors it 
is necessary to have apparatus capable of as nearly continuous 
use as P oSble,and since with this apparatus the eahbmtion of 
current transformers occurs but a short part of the time,. it 
was advantageous to have it designed with a ^w to carrying 
out other important measurements, such as those that ha 
been already described in this paper. The apparatus as laid 
out has numerous applications besides those which I bav. - 
scribed. Recently it was used for . adjusting a resonant shun , 

' which consists of a transformer having internal reactance shunted 
by capacitance. By means of the apparatus, it was possible 
to adjust the transformer until perfect resonance was obtained, 
and at the same time measure the true a-c. resistance. 


Presented at the 32 d Annual Comention of the 
American Institute of Electrical Engineers, 
Deer Park, Mi., July 2, 1915. 
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AN INVESTIGATION OF DIELECTIC LOSSES WITH THE 
CATHODE RAY TUBE 


BY JOHN P. MINTON 


Abstract of Paper 

This paper discusses the theory of^ tathode^ay^ube wa^ 
The ««£££ ^ 

caCatTd ly Such “ P t0 **“ 

br TL d 0 d"vero 0 pme g nt 0 of t the m c a a t hode ray tube and its auxiliary 
^Measuremente^S^^lectric losses, 

for varnished cloths and oil-treat ' P different voltages, 

P.r cent absorb 

“Empirical equations are derived from^he**! S^to^e^.sl 
shown that watt losses may vary fa ° be expre ssed 

power of the voltage. The losses ana currents v 

ly •» S, ,0 T £ LfLutS. moLUre. Th. 

g.j 

ature are of much importance. _ 


Introduction _ . 

/^AREFUL study of insulating materials is becoming 
C, more and more important. Formerly, if an insulating 
matenarwas not satisfactory, it was discarded and a new one 
substituted In this way considerable progress was made 
However, as the number of possible insulators became less rt 
became more evident that it was necessary to stu ^. “ e 
trical properties of these with the hope of improving them. 
Todayf this tendency toward a careful study of various didec- 
trics is quite prominent, and it is certain to become much more 
noticeable in the near future. Certainly we are now looking 
toward improvement in all kinds of insulations, and m seeking 
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this improvement, the most' careful and thorough investiga¬ 
tions cannot be over-emphasized. 

Heretofore, the electrical tests made on insulation have 
largely been voltage tests, capacity and resistance measure¬ 
ments. The voltage tests are important because insulation 
must be able to withstand continued application of voltage 
and sudden voltage increases such as occur in transient phe¬ 
nomena. These tests reveal very little about the insulation 
because either it does or does not withstand them. This is 
really about all they do tell us, because if the insulation is 
broken down, no further test can be made on it, and if it is not 
broken down, we can say nothing regarding its value as com¬ 
pared with other insulation which fails to break down under 
test. Capacity measurements are only made at low voltages 
and not at anything like normal operating voltages. Such 
measurements are important in helping one to select the proper 
insulation, but no one would decide to use a certain kind of in¬ 
sulation from consideration of capacity measurements only. 
These measurements do not tell us enough. In the same way 
resistance measurements do not tell us enough, and indeed it 
is difficult to say what the resistance of a piece of insulation 
is except for direct currents, which at the present time are of 
much less interest to the engineer than alternating currents. 

On account of the inadequacy of the three kinds of electrical 
measurements mentioned on insulation, the measurement of 
dielectric losses and power factors of insulations becomes of 
much importance and of great interest. By means of such 
measurements, one is able to study a piece of insulation up 
to almost the breakdown point under a variety of conditions 
and over and over again. He can continue these measure¬ 
ments until the insulation finally breaks down, and will know 
what is happening within it up to this point. Such measure¬ 
ments will reveal to us more about insulation than all the three 
tests referred to above. If scientific progress in insulation 
engineering is to be made, then measurements of dielectric 
losses, power factors, and currents will prove most valuable in 
pointing out ways of advance and in keeping us off wrong paths. 

In searching the literature, one at once realizes that very few 
extended researches have been conducted along the line of dielec¬ 
tric losses. The most notable ones have been carried out in 
England during the past few years by E. H. Rayner, 1 by C. 

1. “ High-Voltage Tests and Energy Losses in Insulating Materials” 

E. H. Rayner, Journal Inst. Elec . Engrs Vol. 49, pp. 3-89, 1912. 
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P Paterson E. H. Rayner, and A. Kinnes 2 , and by Fleming 
and Dyke. 3 ’ The latter made use of the bridge met o , 

losses at very high voltages. Prof. how it 

1 * ;+ ; c a satisfactory apparatus to measure dielectric 

!W£KSSfSSjSfS 
“ES;— 

both on cathode ray tubes and on insulation. The application 
of the cyclograph to this work, its development some of the 
res^ obtained with it, and a study of dielectric losses made 
possible by its use, are embodied m this pap> • 

writer has had little assistance from c^t ktara^h^ 
not hoiDe to say the last word, or even avoid making g 

inferences The results and information set forth in this paper 
2 * be considered as opening up a new avenue for msu ation 
research for both the electrical engineer and the scientist. 

At this point the writer acknowledges his appreciation 
the kind interest taken in this work and the helpful suggestion 
of Mr A McK. Gifford, in charge of the Pittsfield Laboratory, 
aid Mr C. R- Blanchard, in whose section of the laboratory 
thf work has been done. He is also indebted to Mr. W. C. 
Slade, of this laboratory, for hi s willingness to doj henecessary 

Measuring Power 

C Paterson, E. H- Rayner and A. Kinnes. Journal Inst. Elec. En g rs , 
J 1 7 ’ ‘‘Energy Stfefat Telephonic Frequencies.” Fleming and Dyke, 

3 rVl hLSl San, A. I. B. B., VcL SO, 
np. 511-535, 1911. 
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glass-blowing in order that this work could be made possible. 
To the other men in the laboratory, who have assisted in this 
work either by suggestions or otherwise, the writer expresses 
his gratitude. 

I. Object of the Investigation 
The object of the present investigation was three-fold. First, 
to show the usefulness of the cathode ray tube in studying the 
dielectric losses which occur in 
insulations. Second, to meas¬ 
ure dielectric losses, power 
factors, and currents at differ¬ 
ent voltages and temperatures 
in different insulations under 
various conditions. Third, to 
obtain a better understanding 
of the mechanism of dielectric 
conduction and to obtain em¬ 
pirical laws governing the 
electrical phenomena occur¬ 
ring in insulation when it is 
subjected to high voltage 
stresses. The results which 
have been attained and the 
information acquired through 
this investigation show that 
this three-fold object has 
been accomplished. The re¬ 
sults of this work will now be 
given. 

II. Method of Determining Dielectric Losses 
Since the method of determining the dielectric losses with 
the cyclograph is quite different than that described by Prof. 
Ryan, 5 it will be necessary to show how the apparatus is used 
for this purpose. The cathode ray tube, M, is an evacuated 
glass tube of the dimensions-and shape shown in Fig. 1. Under 
the proper conditions, a direct potential of about 20,000 volts, 
applied between the cathode C and the grounded anode, A , will 
cause a stream of cathode rays to originate at the cathode and 
travel at a very high velocity toward the other end. It is 
necessary to have C the negative terminal because the cathode 
5. Loc. cit. (4). ' " 



Fig. 1 
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rays consist of electrons which possess negative charges. A 
grounded brass diaphragm, d, intercepts all these rays with 
the exception of those which pass through a round hole about 
1/32 in. in diameter in this diaphragm. This small pencil or 
bundle of rays travels to the lower end of the tube where it 
strikes the fluorescent screen 5. This fluorescent screen is 
usually made of calcium tungstate (Ca WO 4), or zinc sulphide 
(ZnS), or some other salt which is strongly fluorescent when 
subjected to the bombardment of cathode rays. For a fuller 
discussion of the cathode rays and their properties, the reader 
is referred to a recent article by the writer 6 . A more complete 
discussion on the cyclograph will appear in another section, 
but this will be sufficient to understand the theory of the ap¬ 


paratus. 

Theory of the Cyclograph, In order that the fluorescent 
figure on the screen may be symmetrical with 
/ __ respect to the center, it is necessary in this 

I \ scheme to use two pieces of similar insulation. 

1 p/L* f/) I These two pieces are represented by A and B 
J and placed between the test terminals in the 
oil-box, 0, as shown in Fig. 1. Suppose now 
Fig 2—-Figures a high-potential sine wave is applied to these 
Produced by the • test pieces by means of the transformer T, 
Fluorescent Spot and that it is desired to measure the dielectric 
on the Sensitive j oss j n them. Fig. 1 shows the diagram of 
Screen 5 connections to be used. For this purpose, a 

sine-wave potential, proportional to the voltage across the test 
terminals in the oil-box is applied to the potential quadrants, 


g 2 , £ 2 . This potential is obtained from the air potential con¬ 
denser Cz, as shown in the diagram. It may be represented by: 


e = e 0 sin pt 


( 1 ) 


This potential produces the deflection of the cathode ray spot 
on the fluorescent screen S, as shown by hb in Fig. 2. Since 
the cathode rays possess no appreciable inertia, it follows that 
this deflection is directly proportional to E, so that 


b = ka e Q sin pt 


( 2 ) 


To the current quadrants, q 1 gi, is applied a potential ei, 
proportional to the current passing through the insulation under 

6. " Cathode Rays and Their Properties.” J. P. Minton, General 

Electric Review , Vol. 18, pp. 118-125, 1915. 
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test in the oil box. This potential is obtained from the air 
current condensers, Ci and C 2 , as shown in Fig. 1. The voltage 
across an air condenser is directly proportional to the current 
passing through it. The current that passes through these 
condensers is that which passes through the insulation under 
test, and it may be represented by 

i = Jo sin (pt + 6) (3) 

where 6 is the angle of lead of the current over the voltage 
applied to the test terminals. Since i leads e\ by 90 degrees 
and since i is proportional to ei, we have from equation (3): 

=: ki Jo cos ( pt T” 0) (4) 

This potential e\ produces the deflection act of the cathode ray 
spot as shown in Fig. 2. The deflection is proportional to ei, so 
that 

a = k I Q cos (pt + 0) (5) 

Placing a = x, b = y, and k 0 e 0 = k 2 E 0 , we have, rewriting equa¬ 
tions (5) and (2), 

x = k I 0 cos (pt + 9) (6) 

an< 3 y = k 2 E q sin pt ( 7 ) 

. When both of these potentials act on the cathode ray stream 
simultaneously, an elhpse is formed on the screen, S, by the 
fluorescent spot, in Pig. 2. The area of this ellipse is given 


Making use of equations (6) and (7), we obtain from equation (8) 
A = -kk 2 Eo I 0 I sin pt sin {pt + 6) p dt (9) 


A k k 2 E 0 I a J (cos d sm 2 pt + sin 6 sin pt cos pt) p dt (10) 
0 

Integrating and placing in the limits of integration we obtain 
A — — 7 r k k 2 Eq J 0 cos 0 /ii\ 
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Placing — 7 tk &2 = a constant, and replacing the maximum 
values of Eo and 7 0 by their effective values E and I, we have 

A = K E I cos 6 (12) 


Now, E = the voltage applied to the system, I = current 
passing through the insulation, and cos 6 — the power factor 
of the system. Therefore, the area, A , of the ellipse is pro¬ 
portional to the power lost in the insulation and air condensers, 
Ci and C 2 . Since the loss in the air condensers is negligible, 
we see that the area of the ellipse is proportional to the dielectric 
loss in the two pieces of insulation under test. This is the same 
result obtained by Prof. Ryan by a different line of reasoning. 
However, the use of the cyclograph in this manner would re¬ 
quire calibration under various conditions in order to determine 
the multiplying factors necessary to reduce the area to units 
of power. Calibrations are not pleasant things to obtain, and, 
fortunately, they are not at all necessary. These calibrations 
are avoided by the use of the cyclograph as a power factor 
meter by measuring the currents and voltages independently. 
These two latter quantities can be determined without trouble 
and we shall see that the power factors are easily obtained 
from photographs taken of the fluorescent figure. 

Use of the Cyclograph as a Power Factor Meter. Equation 
( 12 ) gives the area of the ellipse when the power factor of the 
circuit (consisting of the two test pieces and air condensers 
Ci and Ci) is equal to cos 6. If the power factor of the circuit 
were unity instead of cos #, then the area, Ao , of the ellipse 
would be equal to KEI, and it is represented by the dotted 
ellipse in Fig. 2. It is evident that 


A_ 


KEI cos 6 
KEI 


— cos 6 


(13) 


A can be obtained by measuring the major (a') and minor (&') 
axes of the actual ellipse formed by the fluorescent spot on 
the screen, Si-Ao can be obtained by measuring a and b, Fig. 2. 
Hence, cos 6 can be determined by applying equation (13). 
This makes it evident that it is advisable to make three ex¬ 
posures for each photograph, one of the ellipse, one of the 
deflection a, and one of the deflection b. However, one ex¬ 
posure, that of the ellipse, would be sufficient to determine 
cos d . These photographs are taken at an angle as indicated 
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in Fig. 1, but on account of taking the ratio of A to A 0 , no 
errors are introduced in the values obtained for cos d. 

Equation (13) gives the value of the power factor of the 
circuit, but one desires the power factor of the insulation which 
is being tested. This is obtained from Fig. 3, which is the 
vector diagram for the circuit consisting of the two test pieces 
and air condensers Ci and C 2 . The voltage across this circuit 
is represented by E, and the current passing through it is rep¬ 
resented by I leading E by an angle d. e x is the potential 
drop across the air condenser, and it is at right angles to I . 
E' is the voltage drop across the insulation, and 6' is the phase 
angle between I and E'. The power factor of the insulation, 
therefore, is cos 6', which is the one sought. It can be de¬ 
termined as follows: 


sin a = cos d 

cos d' = cos (6 — a) 

From which it follows that: 

cos 0' = £7 sin 0 cos 0 + cos 0 V 1 - cos 2 0 ( 14 ) 

6l 2 

cos2 $ is of such a value that it can be neglected and 

in doing so, an error not greater than 0.7 per cent will be in¬ 
troduced in the values obtained for cos 6 '. Hence equation 
(14) becomes approximately 

cos 0' = cos 0 + 2^7 sin 2 0 ( 16 ) 

Below we shall see how to determine e l and E', and from equa¬ 
tion (13) we can calculate 6. Hence, by substituting the values 
for these three quantities in equation ( 15 ), we obtain the values 
for cos 6', the power factor of the insulation being tested. The 
value of the correction term in equation (15) is obt ain ed by 
plotting cos 0 vs. \ sin 20. Then, when we know cos 0, we 
can get values for ? sin 20 from the curve. Multiplying these 
values by e x and dividing by E', we obtain the corrections. 
These corrections amount from about 0 to 10 per cent of cos 
0, depending on the conditions of the tests. 
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Measurement of Current. The current that passes through the 
insulation also passes through the air condensers C 1 and C 2 . 
Under normal conditions, the current passing through any air 
condenser is given by 

I — 2 ir f C e x X 10" 6 amperes, (16) 

where e\ = potential in volts across the condenser, 

C — capacity in mfd. of the condenser, 

/ = frequency of the applied potential. 

So that this equation can be used to obtain the current passing 
through the insulation. 

The voltage, e 1} across the air condensers has been determined 
with a 120-volt Kelvin electrostatic voltmeter used either 
with a shunt or with two auxiliary condensers, one connected 
on each side of the ground between C 1 and C 2 in Fig. 1. In 
the first case the voltmeter was calibrated to read directly the 



Fig. 3—Vector Diagram for 
Testing Circuit 


C 1 =?. Co 

rlHHIi 

v ©>r 

-*- 0-1 


rWi 


Fig. 4 


voltage across the tw T o condensers C 1 and C 2 . In the second 
case, the voltmeter was calibrated to read directly the voltage 
across these two condensers plus the two auxiliary condensers. 
The second method has proved much more reliable because 
one terminal and the metallic case of the electrostatic voltmeter 
can be grounded, and the auxiliary condensers are sufficiently 
large to permit the 120-volt Kelvin meter to be connected directly 
across them. The first scheme is represented in Fig. 4 a and the 
second in 4 b. In 46, the average of the readings across A and 
B is taken to represent the value of e\ to be used. e\ varies 
from 600 to 3000 volts, depending on the conditions of test. 
This second method is quite satisfactory, and can always be 
relied upon to give accurate results. The shunt method is 
objectionable because it requires a very small capacity for the 
shunt, and it is affected by disturbing influences, which will 
not affect the second method in the least. These two auxiliary 
condensers, A and B, have sections of different capacities and 
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one section or another can be switched in or out, depending on 
the amount of current passing. They are made of paraffine- 
treated bond paper and each occupies a space 10 m. by 8 m. 
by 2 in., being firmly constructed so as not to undergo any 
change in capacity. The loss in these paraffine condensers is 
less than one part in two or three hundred of the total losses, 
so that they introduce no appreciable error in the results. 

The air capacities, Ci and C 2j or these in series with the two 
auxiliary condensers A and B, range from about 0.003 to 0.015 
microfarad. This range has been found sufficient for this 
work on dielectric losses. The frequently of the applied poten¬ 
tial is measured without any difficulty. Therefore, the current 
can be calculated by means of equation (16). The current 
per sq. cm. can be obtained by dividing the total current y 
the area of the testing terminals; all the current values given 
in this paper are in milliamperes per sq. cm. The test ter¬ 
minals used were either 20 or 25.4 cm. in diameter, and results 
obtained with 10-cm. terminals were the same as those obtained 
with the 25.4-cm. ones, so that the edge effect was negligible. 

Measurement of Voltage. The voltage, E, applied to the test 
ter min als, was obtained by reading the voltage on the low^ side 
of the testing transformer, and calculating E by the ratio of 
transformation. This ratio was 87:1, and was accurately de¬ 
termined. The voltage E' across the insulation can be ca - 
culated from the equation 

E' = V~E? + ei 2 - 2 E ei sinT (17) 

This equation can be derived from the geometry of Fig. 3. E, 
e lf and' 8 are known, as explained above, so that E' can be cal- 

culated. .. , 

Calculation of Losses. The watts lost in the two pieces of 
insulation under test are given by the equations: 

W = E' I cos S' (18) 

W = EI cos 8, (18) 

where the potential and current are in volts and amperes, 
respectively. Equation (18) is the one that is always used, for 
it is desired to know both the voltage across the insulation 
and its power factor. This gives the total watts; watts per 
cu. cm. can be obtained by dividing the total watts by the 
actual volume of insulation under test. 
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One is likely to imagine that considerable time ^ required 

to secure data for one point, that is, data £ ° r Ca “ m \ s a 
power factor, the current, the voltage and the wadt^ 
matter of fact about 30 seconds are required to make the th 
exposures for each photograph, and about a namu e^n 
required to obtain all the other necessary reading We thus 
see that a. considerable amount of data may be taken in a ve y 
short time. In about 10 minutes, we can J ecure t0 g and 

curves showing watts vs. voltage, current vs. voltage, a 

power factor vs. voltage. . , Qrna ii 

An Illustration of -de 

dark house, is shown m Plate CX. Reference sw 
to this in the section devoted to the development of the eye 
graph, which will now be considered. 

Ill Development of the Cyclograph 
A great deal has been mitten on the cathode ray tube tat, 
regardless of the information given in the literature it was found 
necessary to develop the tube practically from the begum g 
anfluTstudy carefiy its characteristics Little; --t" 

been derived from the literature because the object cl this^work 
was to develop tubes for commercial purposes. The tubes 
therefore must be reliable and constant in their operation oyer 
a Sod 'oHUeral years. Tubes which will fulfill the re,mre- 
ments for this purpose must necessarily be rapeno 
required perhaps a few times a year. Tubes which are satis 
factory to carry out investigations extending over a period, ot 
a few days or weeks, would not prove of value ^ investigations 

covering a period of several years. The desirabi l y o av 

tubes ready for use at any time, just as a galvanome er• 
constantly been kept in mind. It is t e wn er s d 

this has now been accomplished, and tubes which have been used 
continually during the past two years indicate that reliable on 

can be built without much difficulty. , , 

Some of the important observations made m the developmen 
of the cyclograph and a comparison of the results obtained with 
those of other investigators will be given. A more detailed 
account of this is to be published elsewhere,’ and it will not 
be necessary, therefore, to go into too much detail here Refe - 
ence should be made to the above-mentioned article if one 
desires to go into this subject more fully than given bel ow_ 
7 General Electric Review , July, 1915. 
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Vacuum Characteristics. Attention will first be given to the 
vacuum characteristics of cathode ray tubes. In the literature 
on this subject one will find that reference is made to trouble 
encountered with “ hardening ” and 11 softening ” effects in 
these tubes. The “ hardening ” is an increase and “ softening ” 
a decrease of the vacua. These changes may occur either during 
operation or at other times. Several suggestions 8 have been 
made to counteract or eliminate these effects. There are four 
methods. The first uses an auxiliary side tube made of platinum, 
or better still palladium, through which gas can enter the tube 
when the metal is heated for a few seconds at red heat. This 
method allows a reduction in vacuum but is useless for increasing 
it. In the second, an auxiliary side tube containing acid sodium 
carbonate has been employed. This salt liberates a gas when 
a discharge of electricity takes place through it. Consequently, 
this auxiliary side tube possesses an electrode, and by passing 
a discharge between it and the anode the vacuum is reduced. 
This scheme, therefore, allows only a reduction in vacuum to 
be obtained. A third method is to have a side tube connected 
to the main tube through a stop-cock. If the pressure becomes 
too small, a little gas is admitted from this side tube. Another 
side tube containing platinum-black, which readily absorbs 
large quantities of gases, is also connected to the cathode ray 
tube through a stop-cock. If the pressure becomes too great 
the platinum-black is allowed to remove a sufficient quantity 
of gas to give the desired vacuum. The fourth method is to 
have the cathode ray tube connected continually to an exhausting 
system. The vacuum can then be adjusted at any time to any 
desired degree. 

Evidently, the first two methods of vacuum regulation are 
unsatisfactory for commercial work. 

The third scheme is not suitable because slight changes in 
pressure affect the operation of the tubes greatly, and it is diffi¬ 
cult to obtain fine regulation by operating stop-cocks. Such 
a scheme as this makes the construction of the tubes more 
complicated. 

8. (a) Loc. cit . (4), p. 530. 

(&) “ Apparate und Verfahren zur Aufnahme und Darstellung 
von Weckselstromkurven und etektrischen Schwingungen.” H. Haus- 
rath; Helios, Fach —Zeitschift fur Elektrotechnik , Zeite 527, 1914. 

(c) Fortschnitte auf dem Gebiets der Rontgenstrahlen Bd. 18, 
Heft 2, 1912, Heinz Bauer. 
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Likewise, the fourth method is unsatisfactory for one cannot 
afford to have suitable vacuum pumps installed where he desires 
to use the tubes. 

These difficulties and objections lead to the belief that if 
satisfactory tubes were made it would be necessary to have them 
maintain constant vacua of the desired magnitudes under all 
ordinary conditions of operation. The development of such 
tubes was undertaken. It was finally shown that the vacuum 
11 softened ” because too much gas was adsorbed on the surface 
of the electrodes and glass walls. After the tubes had been 
operating for a few minutes, the vacua would rapidly decrease 
and would be entirely unsatisfactory for use. If too much 
adsorbed gas was liberated, then the tubes “ hardened be¬ 
cause some of the gas was withdrawn from the interior of the 
tubes and adsorbed on the walls and electrodes. It -was found, 
however, that if the tubes were exhausted three or four hours at 
perhaps 350 deg. cent, sufficient adsorbed gases were liberated 
from the glass walls and electrodes to maintain constant vacua 
over long periods of time. One tube has now maintained a 
constant vacuum for almost two years and there is no indication 
that it will not maintain this vacuum for a number of years, 
although it is used almost daily. Not one exception to this rule 
has been found. Some tubes have been operated about ten hours 
continuously with such strong rays that one could not touch the 
glass around the cathodes without receiving severe bums. Even 
in these most extreme cases, the vacua remained constant. It 
may be said, therefore, that when tubes are exhausted in this 
manner they will maintain constant vacua, thus requiring no 
vacuum regulators of any kind. This is not only a great im¬ 
provement over tubes of other makes, but it insures reliable ones 
for experimental purposes. 

It should be stated that one should be careful not to allow 
the pressure to increase to atmospheric value when once the 
tubes have been exhausted at a high temperature. If this should 
occur, it may be necessary to re-exhaust them at a high tem¬ 
perature in order to eliminate possible vacuum troubles. This 
has been found necessary several times. 

Electrostatic Charges on Glass Surrounding Cathodes. Another 
difficulty was encountered in the development of cathode 
ray tubes. This difficulty was due to electrostatic charges which 
accumulated on the glass surrounding the aluminium cathodes. 
These charges were of a positive sign and, since the cathodes 
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were negative, it meant that discharges would occur between 
the cathodes and glass as soon as the potential differences reached 
a sufficient magnitude to cause the discharges. Such dicharges 
always caused the cathode ray streams to be unsteady, and fre¬ 
quently resulted in flash-overs within the tubes between the 
cathodes and anodes. The flash-overs were prevented by the 
use of high resistances (perhaps 100,000 ohms each), such as 
high-resistance lightning arrester rods, in the cathode leads. 
These resistances should connect immediately to the cathode 
terminals as shown by r in Fig. 1. These resistances not only 
prevent flash-overs, but they also cause the tubes to operate 
much more steadily. They do not, however, prevent discharges 
from occurring between the cathodes and the 
glass surrounding them. A number of in- /'iK Mglj"]|^ 
vestigators have encountered this difficulty 
and have tried to eliminate it in various ways. \ [ 

To avoid this trouble Dr. Zenneck 9 surrounded 
the cathodes with glass formed into small cups ' " 1 

as illustrated in Fig. 5a. Roschansky 10 , for 
the same purpose, placed behind the cathodes 
metallic screens and filled the space between 
these and the glass with ruffled tin-foil leaves. 

This scheme is illustrated in Fig. 5b., where 
S is the metallic screen and L the ruffled tin- 
foil leaves. Grundelach, in his tube, made 
the cross-section of the cathode almost large 
enough to fill the tube, as illustrated in Fig. 5c. 

A tube of Dr. Zenneck’s design made in 
Germany was tried, but the glass “ hinter- 
kleidung did not prevent static discharges between it and 
the cathode. It did, however, prevent them from occurring 
between the cathode and the glass wall of the tube. The 
discharges between the cathode and the glass “ hinterklei- 
dung caused unsteady cathode rays. The size, shape, and posi¬ 
tion of the cathodes and the kind of glass used have a great deal 
to do with the accumulation of these static charges and with 
the operation of the tubes. For example, cathodes of the shape 
shown m Fig. 5d give much trouble on account of the frequency 
of static discharges between them and the glass. Cathodes of 
the form shown m Fig. 5 b are the most satisfactory; those il- 

9. Zenneck — Weid. Ann. 69, p. 842, 1899. ” -- 

10. Roschansky, Ann. d. Phys . 36, p. 281, 1911. 
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lustrated in Fig. 5c are quite satisfactory. It was ^ 

ever, that none of the schemes, with the exception °^ Rosch ' 
sky’s, which has not been tried, would prevent the trouble due 

to static discharges. a , r nir1<=d 

It was evident, therefore, that this trouble must be avo ded 

by other means. It was noticed that tubes whose vacua soft¬ 
ened ” during operation never gave any trouble dm 
electrostatic charges. Tubes which have been exhaustedl several 

hours at a high temperature in order to el ™ Va “ U “ , th £he 
are always unsatisfactory because of the difficulty with the 
charges. Since the adsorbed gases are liberated from the glass 
during exhaustion at about 350 deg. cent., it would seem that 
the reason the charges accumulate during operation of the tubes 
is on account of a film of gas on the glass being necessary for con¬ 
ducting away the charges. If a sufficient film is present on the 
glass, the charges are conducted to the cathodes an ere neu 
Lifted, but if the film is removed, then the charges accumulate 
until they are neutralized by discharges between the cathodes 
and the glass. This phenomenon occurred with any form o 
cathode and with any kind of glass. It should not occur say 
in a tube whose cathode end is constructed as shown m Fig. 5 , 
where Mis a metallic screen. This construction, however, 
was not necessary, for the following scheme of exhaustion was 
found to eliminate all trouble of this kind. The idea was to 
remove a sufficient amount of the film of gas by exhausting the 
tubes at a high temperature, in order to allow a constant vacuum 
to be maintained and still leave on enough of the film to conduct 
away the charges which collect on the glass surfaces After 
some experimenting, it was found that if the tubes were exhausted 
at about 350 deg. cent, for perhaps a half-hour, the vacua would 
remain constant during several hours of continuous heavy opera¬ 
tion, and no trouble would be experienced on account of charges 
on the glass surrounding the cathodes. Exhaustion at a high 
temperature for this time was sufficient to avoid vacuum changes 
over long periods. This method of exhaustion has been tried 
on a number of experimental tubes and found to be satisfactory. 
One reason, therefore, why this trouble has been encountered so 
much is because the tubes have been exhausted for too long 
periods 11 at high temperature in order to avoid vacuum changes. 

Regarding the kind of glass which will prove most satisfactory, 
it may be said that s oft sodium glass has given less trouble with 

11. Loc. ciU (8) (&), p, 527. 
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these static discharges than any other glass tried. This glass is 
also easy to work, and it is easier to adjust the time of ex¬ 
hausting at a high temperature to eliminate static charges and 
maintain a constant vacuum with this glass than with other 
kinds of glass tried. 

Auxiliary Apparatus. Under auxiliary apparatus are classed 
the deflecting quadrants, means of exciting the cathode ray 
tube, the focusing coil, and the potential and current condensers. 
These will be briefly discussed in the order given. 

(a) The Deflecting Quadrants. The method used to deflect 
the cathode rays is an electrostatic one, and for various reasons 
practically all investigators have the deflecting quadrants placed 
within the tubes instead of outside as shown in Fig. 1. If the 
deflections are proportional to the voltage impressed on the 
quadrants, then it is not at all necessary to place them within 
the tubes. These tubes have been in- use during the past three 
years in the laboratory and it has never been found necessary 
to have the quadrants inside the tubes. With the single excep¬ 
tion, described below, this law has always been obeyed. Since, 
therefore, these quadrants can be placed outside the tubes, it 
greatly simplifies their construction. It also permits easy 
adjustment of the magnitude of the deflections, a thing which 
is highly desirable in this work. The quadrants are made of 
pieces of brass about 0.5 in. by 1.0 in. and they must be supported 
by a material which has a very high insulation resistance and one 
which does not change due to surface leakage or otherwise. The 
reason for this is that the potential condenser is of small capacity 
and a small leakage current will cause the results to be con¬ 
siderably in error. It has been found that hard rubber serves 
this purpose nicely and accurate results can always be obtained 
w r ith it. The hard rubber is never exposed to sunlight which 
causes its surface to deteriorate. The switches connecting the 
leads to the potential quadrants should have hard-rubber bases 
with considerable leakage surface. Since the current condensers 
are so much larger than the potential one, it is not necessary to 
have such highly insulated switches. This does not mean, 
however, that care should not be exercised with their construc¬ 
tion. 

One other important point in connection with the quadrants 
should be mentioned. During damp weather, moisture will 
deposit on the surface of glass. Formerly, this always hap¬ 
pened with the cathode ray tubes, and sometimes itwasim- 
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possible even to deflect the rays because the deposited moisture 
acted just like a metallic shield for the rays. In this condition 
reliable results could not be obtained, and, indeed, one was never 
certain of the results. It was necessary to make the tubes 
completely non-hydroscopic in the neighborhood of the quad¬ 
rants in order to insure satisfactory results. Cellulose nitrate has 
been used for this purpose and it has been found quite satis¬ 
factory This substance is made into a paste with ether and 
painted on the tubes with a brush over a distance of a few 
inches on either side of the quadrants. The paste soon dries, 
leaving a layer of cellulose nitrate about 0.3 mm. thick over t e 
surface of the glass. Since this procedure has been followed no 
inconsistencies of any kind have been observed, and this proced¬ 
ure is imperative for accurate results. 

(b) Excitation of the Tubes. There are several me o s 
which can be used for exciting the cathode ray tube. _ One 
method is the use of a high-potential storage battery consisting 
of about 20,000 cells. The space occupied by this number ot 
cells, each being about one inch by one inch by five inches m 
size, would be too large to make the use of the high-potential 
storage battery of any commercial value. There are a num¬ 
ber of other evident objections to the employment of the 
storage battery. The electrolytic rectifier was not satisfactory 
because it gave a fluctuating d-c. potential. The static machine 
has been used largely for operating the tubes, especially m Eng¬ 
land and Germany. This machine, however, was not found o 
produce a sufficiently constant potential, especially during damp 
weather, to maintain steady cathode rays as required for e 
cyclograph. The kenotron, 12 which has been developed by 
the Research Laboratory at Schenectady, has been tried as a 
means of exciting the tubes. This apparatus has not been used 
extensively, but it produces a steady cathode ray stream, and 
there is no apparent reason why it could not be used to goo 
advantage in this work. It is quite simple in its construction 
and operation. 

The mechanical rectifier has been largely used m connection 
with the cyclograph for producing the cathode rays. The form 
of commutator used and the diagram of connections are illus¬ 
trated in Fig. 6. The co mmutator, R, is connected to the 

12. “ A New Device for Rectifying High-Tension Alternating Cur¬ 

rents—the Kenotron.” Saul Dushman, General Electric Review , Vol. 18, 
pp. 156-167, March, 1915. 
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shaft of a small four-pole motor-generator set which sup¬ 
plies the low tension of the 60 cycle transformer, T. The 
commutator can be adjusted so that it will rectify the peaks 
of the a-c. wave. The rectified direct potential charges the 
condenser, C , to a voltage corresponding to the adjustment 
of the commutator. The condenser, C, supplies the direct 
potential to operate the tubes. The energy consumed by the 
tubes is so small that they operate quite steadily, thus showing 
that the potential of the condenser remains practically constant. 
This condenser consists of four ordinary Leyden jars connected 
in parallel. The present commutator will operate up to about 
30,000 volts, which is all that is required for the tubes. Care 
must be taken to have good contacts between the brushes and 
the segments, because poor contacts in the system supplying 
the direct potential for the tubes 
cause unsteady cathode rays. One 
essential for good contacts is to 
adjust the brushes so that they are 
almost tangent to the commutator. 

Fibre gives sufficient strength and 
insulation for the commutator. 

The only metal parts are the seg¬ 
ments, brushes, and connecting 
strips, a and b. 

(c) Focusing Coil. Prof. Ryan 13 p IG . 6 

and Mr. Rankin 14 have said much 

concerning the focusing coil, F (Fig. 1), and its use in con¬ 
centrating and increasing the brightness of the fluorescent 
lines on the screen. It will not be necessary, therefore, to dis¬ 
cuss this apparatus and its action for it would simply be repeat¬ 
ing what they have already said. It will be well to emphasize, 
however, that it is necessary for the axis of the focusing coil 
and tube to exactly coincide. If this condition is not fulfilled, 
then the figures on the screen will not be symmetrically located 
with respect to the center. Neither the area of an ellipse nor 
the magnitude of the deflections is changed by moving them 
over the screen with the focusing coil, so that no error is in¬ 
troduced into the results by not having the above conditions 
carried out, but one who is not familiar with the character- 

13. Loc. cii. (4), p. 527-528. 

14. Rankin “ Use of a Magnetic Field with the Ryan Cathode Ray 
Oscillograph”, Fhys. Review, Vol. 21, pp. 399-406, 1905. 
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istics of the tubes might be inclined to look with skepticism 
upon the results. 

It has been stated that only the brightness of the fluorescent 
spot on the screen and not its size is affected by the use of the 
focusing coil. The observations, which have been made in 
connection with the development of the cyclograph, do not 
bear out this statement. When the coil is placed just above 
the plane of the quadrants, the spot and the lines are not only 
magnified in brightness for the same applied potential, but 
they are also finer and much more sharply defined, this 
would be the proper place for the focusing coil if it were not for 
the effect of the magnetic field superimposed on the electro¬ 
static field. The focusing coil is always placed so that its plane 

coincides with that of the cathode. 

(d) Potential and Current Condensers. The potential con¬ 
denser consists of hollow metallic tubes with their ends closed 
by semi-spherical caps. About six of these are joined together 
with metallic rods and supported from the ceiling with in¬ 
sulators. Two such plates constitute the outer plates of t e 
potential condenser, C 3 , shown in Fig. 1. The inner plaites 
are about 2§ ft. by 2 ft. by ft in. The middle one is grounded 
and supported firmly, while the two adjacent ones on either 
side are supported from the ceiling with hard rubber These 
hard rubber supports are necessary for the reason stated m 
the section on “ Deflecting Quadrants.” It is essential to 
have air as the dielectric for the potential condenser because 
an error would be introduced into the results if the phase ang 
of it were not 90 degrees. In the theoretical discussion of the 
cyclograph, it was assumed that the phase angle was 90 degrees. 
7 The current condensers should have air for the dielectric, 

for at least four reasons. First, if these condensers are broken 

down as they are when the test pieces are broken down, then 
those'with air dielectrics are self-restoring. Those with other 
dielectrics might be broken down and cause one considerab 
trouble in repairing them. Second, it is necessary 
current condensers which never change m capacity. The air 
condensers used have not changed more than one per cent m 
capacity during the past two and a half years.. Condensers 
Jtb other dielectrics could likely cause errors m the> resets 
le to capacity changes. Third, ii condensers wrth chelectncs 
other than air are used, then it is necessary to correct the re¬ 
sults for the losses in them. It is better to eliminate these 
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losses rather than correct for them. Fourth, in the formulas 
used for calculating the current and power factor of the insula¬ 
tion, a perfect condenser was assumed. These current con¬ 
densers are constructed so as to have the minimum current 
possible pass through the supporting frames. 

Peculiarities of the Tubes . At this stage it will be well to 
refer to several points to which attention should be given in 
order to insure steady operation of the tubes. The first is 
that care must be taken to eliminate the disturbing effects due 
to stray magnetic and electric fields. The cathode ray stream 
should be actuated only by the field applied to the quadrants. 
Now, the tubes are operated at about 15,000 to 25,000 volts 
so that a very strong field exists around the cathode lead. 
This field has caused much unsteadiness in the cathode rays 
and has given much trouble in taking current readings with 
the “ static voltmeter and condenser shunt method. 55 For 
this reason the cathode leads should be small, well insulated, 
lead-covered cables, the sheath being grounded. These cables 
act as part of the condensers used to supply direct potential 
for the tubes. So that the resistance, r, must be placed as 
shown in Fig. 6. If it were placed between the condenser 
and the lead rather than between the lead and cathode, then 
the tube would be unsteady. In order to completely shield 
the rays and the leads connected to the quadrants from this 
field, it is necessary to have a thin metallic hood of some sort 
extending down almost to the quadrants and up to the cathode 
lead. The resistance, r, is. then placed within this hood. This 
precaution prevents the “ jumping 55 of the figures on the 
screen due to the field around the cathode lead. It is well 
to have metallic cylinders over the large part of the tubes as 
shown in Plate CX. The hole which is seen in the cylinder 
is for the purpose of allowing photographs to be taken. Such 
a procedure as this will eliminate much unsteadiness of the 
rays and prevent the figures on the screen from “ jumping. 55 
This sort of trouble appears to have been encountered before 15 
but apparently it was not eliminated. 

Prof. Ryan found it necessary 16 to cover the surface of the 
tubes from the anodes extending past 'the cathodes with a 
thick paraffine jacket to avoid irregularity in the cathode ray 
streams due to corona forming on the cathode leads where 





15. Loc. cit. (8) (6), p. 528. 

16. Loc. cit . (4), p. 529-530. 
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they enter the glass. This corona formation has been observed 
frequently, but after the cause of unsteadiness mentioned above 
was eliminated, no irregularity of the cathode ray streams 
was observed due to this corona formation. It is not necessary, 
therefore, to provide the tubes with insulating jackets around 
the cathodes. 

Another peculiarity noticed was that when high voltages 
(3000 or 4000) were applied to the quadrants (due to large 
losses in the insulation) small areas were obtained when the 
separate deflections (a and b) were being photographed. These 
Could not be due to a potential applied to the opposite set of 
quadrants because they were grounded while the photographs 
of the other deflections were being taken. These areas were 
due to fields set up between the leads connected to the upper 
portions of the switches (see Fig. 1). Leads connected to 
each pair of quadrants came down on opposite sides of the 
tube and about 12 in. apart. After the wires of each pair of 
leads were brought down together and connected to the quad¬ 
rants no further trouble was experienced from this source. 
These areas were quite noticeable because the potential and 
current were almost in phase with each other; this condition 
may be obtained in insulation, as we shall soon see. 

In regard to the salt used for the fluorescent screen, it may 
be said that calcium tungstate (CaW0 4 ) and a zinc sulphide 
(ZnS) are the most strongly fluorescent salts when acted upon 
by cathode, rays. The former salt is more strongly fluorescent 
for the weaker rays, while for‘very strong rays the latter salt 
is the more strongly fluorescent. Both of these substances, 
however, will be found useful in making the screens. 

Considerable space has now been devoted to the theory of 
the cyclograph and its development. The remaining portion 
of the paper will be devoted to a study of dielectric losses and 
other electrical properties of insulation, such a study being 
made possible by the development of the cyclograph for this 
work. The results of some of the tests will first be given and 
a discussion of them will follow. 


IV. Experimental Results 

In section II it has been shown how the dielectric loss, 
nower factor, and current for a piece of insulation are deter¬ 
mined (See equations 18 , 16 , and 15 ). These quantities have 
been determined for a number of different insulating materials 
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and have been plotted against the applied voltage, the tem¬ 
perature, and per cent absorbed moisture in the case of paper. 
Since a very large amount of data on insulation has been taken 
with the cyclograph during the past three years, it will be pos¬ 
sible to incorporate only a small portion of it, in this paper. 
A sufficient amount of it, however, will be given in the form 
of curves to enable one to obtain a general idea of what is 
taking place within a piece of insulation when it is subjected 
to a high voltage stress under various conditions. These curves 
will also give one a knowledge of the magnitude of the quanti¬ 
ties involved. Section V, contains a closer study of these ex¬ 
perimental results and empirical equations are given to rep¬ 
resent the results mathematically. 

All the tests embodied in this paper have been made at 60 
cycles with a generator which produces very nearly a sine 
wave. The tests were made in good transformer oil to avoid 
corona and the brass test terminals -were either 20 cm. or 25.4 
cm. in diameter and 0.5 cm. thick. They were square-edged 
and arranged so that they could be clamped into position after 
good contact was obtained. 

The original data from vrhich the results were calculated 
need not be given here. The calculated data, however, are 
given in the form of curves. The tables from which the curves 
were plotted are omitted for the sake of brevity. For the pur¬ 
pose of illustrating how the original data were taken and the 
results calculated, there are given below two tables on oil- 
treated pressboard, sample No: 2, the results on which are 
given in a later section and shown graphically in Figs. 19, 20 
and 21. It should be stated that the results given in this paper 
were obtained from data taken for other purposes. For this 
reason it was necessary, in the case of varnished cloths and in 
the case of the effect of moisture in pressboard, to take the 
plotted points off of other curves. In the case of all the other 
results incorporated in this paper the points represent actual 
data taken. It should also be stated that some of the units 
used were English while the others were metric. It is cus¬ 
tomary in this country to express voltages in volts per mil 
and thickness in inches. If the metric units had been used 
it would have been necessary to change them in the English 
units for comparative purposes. In order to avoid this the 
English units were used in these cases. In all other cases the 
metric units were used because it is much better to start think- 
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equations give the total current passing through the insulation; 
the current per sq. cm. is obtained by dividing by 314 sq. cm., 
the area of test terminals. The current values are given 
in milliamperes per sq. cm. E, in kv., is obtained from the gen¬ 
erator volts by multiplying by 87.0 ± 1 per cent, the ratio of 
transformation of the testing transformer. EY in kv., is cal¬ 
culated by means of equation ( 17 ). The volts per mil (V.P. 
M.) are obtained by dividing E' by the total thickness. ^The 
total watts are calculated by means of equation ( 18 ) ; dividing 
by the volume of the insulation, one obtains the watts per cu. 
cm. In this way the following results were calculated from 
the above table: 


RESULTS CALCULATED. 


Photo 

No. 

a 

cm. 

6 

cm. 

a' 

cm. 

b' 

cm. 

Cos 

e 

per 

cent 

Cos 

e r 

per 

cent 

Ave. 

cond. 

volts 

I ( m.a .) 
sq. 

cm. 

E 

kv. 

E' 

kv. 

W 

c. c. 

V.P.M 

1 

1.13 

0.55 

1.28 

0.050 

10.3 

11.3 

1055 

0.00379 

12.3 

11.2 

0.0101 

60. 

2 

1.77 

0.85 

2.00 

0.058 

7.7 

8.4 

1685 

0.00605 

20.3 

18.5 

0.0199 

100. 

3 

2.49 

1.28 

2.85 

0.065 

5.8 

6.3 

2440 

0.00930 

31.4 

28.9 

0.0359 

156. 

4 

1.55 

1.60 

2.13 

0.060 

5.1 

5.3 

1465 

0.0124 

40.0 

38.5 

0.0537 

208. 

5 

1.83 

1.52 

2.43 

0.050 

4.4 

4.6 

1745 

0.0148 

48.0 

46.2|0.0667 

249. 

6 

1.54 

1.30 

2.05 

0.047 

4.8 

5.0 

1455 

0.0123 

39.8 

38.3 

0.0502 

207. 


As a further means of illustrating how the results are obtained 
there are given in Plate CXI reproductions of a series of six 
photographs taken on a sample of varnished cloth at 200 volts 
per mil. and at various temperatures. These illustrations show 
that the figures on the fluorescent screen are very steady and 
well defined. From these illustrations the power factors (cos 0) 
are determined. The following table gives the measurements 
made on the negatives. The plates used were the American 


Lumiere sigma. 







Cos 

Photo 

a 

b 

a r 

b' 

e 

No. 

cm. 

cm. 

1 

cm. 

cm. 

per cent 

1 

2.70 

0.85 

| 2.91 

0.045 

5.7 

2 

2.79 

0.85 

| 3.05 

0.055 

7.1 

3 

2.83 

0.87 

3.12 

0.102 

12.9 

4 

2.90 

0.87 

3.17 

0.187 

23.5 

5 

1.55 

0.85 

1.83 

0.290 

40.3 

6 

1.93 

0.88 

2.15 

0.515 

65.2 


Cos 


per cent 


6.3 

7.9 

14.4 

26.2 

42.2 

68.6 


Temp, 
deg. cent. 


30.0 

71.0 

99.5 

115.0 

130.0 

145.0 
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A. Varnished Cloths. A large number of tests have been 
made on various kinds of varnished cloths. The different test 
samples were about 30 cm. square, and were built up of sepa¬ 
rate sheets of the same size to the required thickness. Ordinarily, 
each of the test pieces, A and B, (see Fig. 1) consisted of four 
or five sheets of varnished cloth assembled under oil, or bound 
together by thin oil-films, and placed between the test ter¬ 
minals in the oil box. Either method of assembly will yield 
the same results, as long as good contact is maintained between 



Pig. 7—Twelve-Mil Black Varnished Cloths 

Comparative curves showing dielectric loss vs. volts per mil for three different kinds 
at 100 deg. cent. 60 cycles—sine wave—total thickness: 1—0.1211 in.; 2 0.124ft in., 

3—0.1093 in. 


the ter min als and test pieces. Tests made on samples ranging 
from four to twelve sheets also yield the same results. 

In Figs. 7 to 12, inclusive, are illustrated some of the results 
taken on various kinds of varnished cloths. It is seen that 
the current values in Fig. 9 fall nicely on the lines, but in Fig. 10 
quite the contrary condition is noticed. No doubt a large 
part of this inconsistency is due to the initial condition of the 
material and to the effect of temperature in producing definite 
changes in it. Changes of this nature have been noted by 
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other observers. 17 For sample No. 1, it is seen that the losses 
at 138 deg. cent, are forty-five times as great as they are at 
25 deg. cent, and for sample No. 2, the ratio is twenty-five to 
one. All the curves shown in Figs. 7 to 12, inclusive, are con- 4 
sistent in showing that No. 1, No. 3 and No. 2 represent the 
order in which the samples should be placed, as far as represent¬ 
ing their insulating value is concerned. 

It will be interesting to compare these results on varnished 
cloths with those on some others. In one instance, with 



- Fig. 8—Twelve-Mil Black Varnished Cloths 

Comparative curves showing dielectric loss vs. temperature for three different kinds at 
200 volts per mil—60 cycles—sine wave—total thickness: 1—0.1214 in.; 2—0.1245 in.; 
3—0.1093 in. 


another varnished cloth at about 200 volts per mil and 100 deg. 
cent., the watts per cu. cm. were about 4.0, the per cent power 
factor 98, and the milliamperes per sq. cm. about 0.050. Com¬ 
paring these values with those given in Figs. 7 to 12, inclusive, 
one will note the following points: watts per cu. cm. at 200 
volts per mil and 100 deg. cent, are about twenty-three times 
as great for the above cloth as they are for sample No. 1; the 
current value is about five times as great and the power factor 


17. Loc. cit. (3), p. 365. 
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about four and a half times as great for the former cloth as for 
the latter. On the other hand, another sample of varnished cloth 
has yielded a power factor at 100 deg. cent, of about 13.5 per cent 
compared with about 20 per cent as shown in Fig. 11. These 
numbers show in a striking manner the difference likely to be 
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B. Oil-Treated Pressboard. The samples of pressboard used 
were about 30 cm. square and were cut from regular 3/32-in. 
stock. After - receiving a certain amount of drying, the samples 
were impregnated with good transformer oil for several hours. 
The results on the samples of pressboard, selected for this paper, 
were chosen so as to be able to show the characteristic curves 
and to compare the results for similar insulations under dif¬ 
ferent conditions. Each of the test pieces, A and B y (see Fig. 1) 



Fig. 13 —Sample No. 1—3/32-in. Oil-Treated Pressboard 

Comparative curves showing dielectric loss vs. volts per mil at four different temperatures 
60 cycles—sine wave— total thickness 0.193 in. 


consisted of one sheet of oil-treated pressboard of the dimen¬ 
sions given above. 

Figs. 13 to 18, inclusive, show a set of curves taken on press- 
board sample No. 1. The figures which have temperature as 
the abscissas were obtained from those having volts per mil 
as their abscissas. Attention should be called to the fact that 
the power factor was observed not to change with voltage for 
this sample at 53 deg. cent, and 80 deg. cent. For this reason 
one photograph only was taken at each of these two tempera¬ 
tures. These two power factors were used in making calcula- 
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tion of watts at the different voltages for these two tempera¬ 
tures. Such a procedure as this would not be justified if the 
power factor changed with the applied voltage. 

All the current curves shown in Fig. 15, with the exception 



Fig. 16 —Sample No. 1 — 3/32-in. Oil-Treated Pressboard 

Comparative curves showing current vs. temperature at four different voltages—60 
cycles—sine wave—• total thickness 0.193 in. 



Fig. 17—Sample No. 1—3/32-in. Oil-Treated Pressboard 

Comparative curves showing per cent power factor vs. volts per mil at four different 
temperatures—60 cycles—sine wave—total thickness 0.193 in. 

of the one at 127 deg. cent., curve upward near the upper ends, 
thus showing that the insulation was weakening. After tak¬ 
ing the reading at 204 volts per mil and 127 deg. cent., the 
voltage was increased to secure a reading at 250 volts per mil, 
but before it could be taken the pressboard broke down. 
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Results on two other samples (No. 2 and No. 3) of oil-treated 
pressboard, of the same kind as sample No. 1, are shown in 
Figs. 19 to 24 inclusive. These are for comparison with sample 
No. 1. Curves are not given for samples No. 2 and No. 3 show¬ 
ing dielectric loss, current, and power factor plotted against 
temperature. These three quantities, however, are plotted 
against voltage at 28 deg. cent., 60 deg. cent, and 85 deg. cent. 
The effect of temperature, therefore, up to 85 deg. cent, can 
be noticed and a comparison made with sample No. 1. 

It is worth while to compare the losses of samples No. 2 
and No. 3 here. Considering the curves in Figs. 19 and 22, it 
it seen that at 27 deg. cent, and 28 deg. cent, the losses for sample 
No. 2 are about half of those for sample No. 3 at the higher 



voltages, while at the lower voltages the reverse is true At 
60 deg cent, the losses in the former sample are about one- 
tenth of those for the latter sample at the higher voltages, but 
at the lower voltages they are about one-third as large. For 
e higher voltages the losses in sample No. 2 at 85 deg. cent 
are about one-thirtieth of those in sample No. 3 at the same 
temperature, but they are about one-eighth as much at the 

show"that t* eS f °+ ^ SEme tem P erature - These numbers 
show that temperature has an enormous effect on sample No 3 

compared with sample No. 2. They also show that a peculiar 

phenomenon of some nature occurs as the applied voltage is 

increased, otherwise the above peculiarities would not occur 

This same effect is present at the higher temperatures became 




VOLTS PER MIL 

Fig. 19—Sample No. 2—3/32-in. Oil-Treated Pressboard 

Comparative curves showing dielectric loss vs. volts per mil at three different temperature 
60 cycles—sine wave—total thickness 0.1S55 in. 



Fig. 20—Sample No. 2—3/32-in. Oil-Treated Pressboard 

Comparative curves showing current vs. volts per mil at three different temperatures- 
60 cycles—sine wave—total thickness 0.1888 in. 
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the ratio of the losses in the two samples is much less at the lower 
voltages than at the higher ones. These peculiarities observed 
for the losses are due to the decrease in power factor with in¬ 
creasing voltage for sample No. 2, as shown in Fig. 21. The 
set of curves for sample No. 2 shows that the pressboard was 
not weakening rapidly as the temperature was increased, but 
those for sample No. 2 show very large weakening effects due 
to increase of temperature. 

One is surprised to. observe such large variations in the losses, 
power factors, and current values for the same insulations 



Fig. 23 —Sample No. 3—3/32-in. Oil-Treated Pressboard 

Comparative curves showing current vs. volts per mil at three different temperatures— 
60 cycles—sine wave—total thickness 0.199 in. 

under the same voltage and temperature conditions. The ex¬ 
planation of these variations is found in the quantity of absorbed 
moisture the samples contained. These three samples of oil- 
treated pressboard contained different amounts of absorbed 
moisture and for this reason their electrical properties were 
quite different. Samples No. 1, No. 2 and No. 3 contained 
1.0 to 1.5, about 0.5 and about 5.4 per cent free moisture, re¬ 
spectively. Since sample No. 2 had considerable drying it 
may be that certain effects were produced, due to this, that 
caused the power factors to behave as shown in Fig. 21. This 
will be referred to in the next section, dealing with a study of the 
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experimental results. It may be asked, then, how much of the 
losses,, power factors, and current, is due to moisture and how 
much is due to the material itself. The answer to this question 
has been determined as shown in the next section. 

C. Effect of Moisture in Oil-Treated Pressboard. In order to 
determine how the losses, power factors, and current for oil- 
treated pressboard are affected by the quantity of absorbed 
moisture, a number of samples of the same kind of pressboard 
as tested above was taken. These samples were about 30 cm 
by 35 cm. cut from the regular 3/32-in. stock. They were 
placed m a closed can for about two weeks just prior to begin- 
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nrng the tests. During this period the samples had sufficient 

z^zr bsorbaoi ^^ 1 " 

oufoUhecm T ^ made ’ two sheets were taken 

out of the can. Two strips about 2.5 cm. by 30 cm were cut 

s “ i ^ fr ° m the four stri P s obtained, eight 
“ff ’ 2 by 5 cm -i "were cut from various places. These 
S “ a l Sa “P les were P laced , at once, in an air-tight weighing 
little. The test samples, 30 cm. square, were weighed at 

weigEr b“tie th e T r isture sample i were put “ the air - ti ^ ht 

, f , bottle ' The S( l uare samples were then dried in air 
deg. cent, until they had lost the desired amount of mois- 
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ture. They were then weighed in an air-tight receptacle, and 
their weight determined before any moisture could be absorbed. 
After weighing, the samples were placed at once in good trans¬ 
former oil at about 65 deg. cent, in order to be sure that no 
moisture was absorbed by exposure to the air and to avoid 
the possibility of liberating appreciable quantities of water 
during impregnation at 65 deg. cent. From these data, the 
percentage loss of weight due to vaporizing moisture was de¬ 
termined. By securing the weights of these small moisture 
samples before and after drying them at about 90 deg. cent, 
in vacuo, it was possible to calculate the total free moisture 
they contained. Phosphorus pentoxide tubes were used to 
absorb the water liberated during the drying. This percentage 
of free moisture in th*e small samples was taken to represent the 
percentage of absorbed moisture in the test pieces. Subtracting 
from this value the value obtained above for the loss of weight 
due to drying in air at 100 deg. cent., one obtained the per¬ 
centage absorbed moisture still remaining in the test pieces 
during the tests. Absolutely correct results cannot be obtained 
by this method, but approximately correct percentages can be 
secured. 

In Figs. 25, 26 and 27 will be found results taken at 200 volts 
per mil and at three different temperatures on several sheets 
of pressboard containing different percentages of moisture. 
It is to be regretted that more points are not available through 
which the curves may be drawn. Sufficient points, however, 
were taken to give the general shape of the curves and to show 
the enormous influence absorbed moisture has on the losses, 
power factors, and current values for porous insulation capable 
of absorbing moisture. The value 0.5 per cent moisture was 
estimated from previous experience. Attention should be 
called to the point at 99 per cent power factor given in Fig. 27. 
At 150 volts per mil the recorded power factor was 99 
per cent, but while attempting to take the reading at 200 volts 
per mil the test pieces broke down. From previous experience, 
therefore, it was known that the power factor at 200 volts per 
mil and 85 deg. cent, could not have been less than 99 per 
cent. For this reason this point was used to give the direction 
of the curve near 100 per cent power factor. 

At lower voltages (50 to 100 volts per mil) there is a decided 
“ dip” in the curves similar to those shown in Fig. 27 at about 
2.0 per cent moisture. At the higher voltages (250 volts per 
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milj and temperatures this “ dip” is not present. Too much 
space would be required to show all of these effects by means 
of curves, and for this reason they are omitted. It is question¬ 
able, therefore, whether all the moisture should be removed 
or not. ^ Other interesting points will be brought out in the 
study of the experimental results given next. 

\. Study of Experimental Results 
Empirical Equations. In order to study the subject more 
carefully, it will be advantageous to express the results in the 
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Fig. 26 —Oil-Treated 3/32-in. Pressboard 


L AJ\J -V_/ -L XV.X><0. -L ---— 

Comparative curves showing current vs. per cent moisture at three different tempera¬ 
tures and at 200 volts per mil—60 cycles—sine wave—average thickness of the seven 
samples was 0.196 in. 



Comparative curves showing percent power factor vs. per cent moisture at three dif¬ 
ferent temperatures and at 200 volts per mil—60 cycles—sine wave—average thickness 
of the seven samples was 0.196 in. 
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(a) Voltage Equations. 

1. Current vs. volts per mil. It has been found that the 
current values, /, as given by Figs. 9, 15, 20, and 23, can be 
expressed as a function of the voltage, F, by the general equation 

/ = K{V + K 2 V” ( 20 ) 

Ordinarily, at about room temperature and for fairly good 
insulation, the results can be expressed by the first term of equa¬ 
tion 1 20), so that the second term becomes zero. For these 

cases 


The second term of equation (20) represents the deviation from 
a straight line which is tangent to the curve at the origin. If 
/ is expressed in miliiamperes' per sq. cm. and F in volts per 
mil, the following equations express the results nicely: 

9 \ arnished cloth—Sample No. 1 —I — 0.0000497 V 
\ 9 ~~ “ “ ~ “ No. 2—7 = 0.0000465 V 

u “ “ “ No. 3—7 - 0.0000486 V 

0 Pressboard Sample No. 1—53 deg. cent.—7 = 0.0000453 V 

+3.1 XlO -16 V 4 ' 6i 

— * No. 1—80 deg. cent.—7 = 0.0000458 V 

+ 2.5X10- 14 

No. 1—103 deg. cent .—I = 0.0000492 V 

+ 4.0X10 -24 F 8 " 03 
“ N°-1—127 deg. cent .—I = 0.0000604 V+ ? 

“ No. 2—27 deg. cent.—7 = 0.0000567 V 

“ -|°- 2 —60 deg. cent .—I = 0.0000594 V 

— “ No. 2—85 deg. cent.—7 = 0.0000603 V 

1 ^°* 3 — 2S deg - cent -— 1 = 0.0000577 V 

“ No - 3—60 deg. cent.—7 = 0.0000673 V 

„ _ + 1.24XlO -8 F 1 ' 91 

rso. 3—85 deg. cent.—7 = 0.000111 V 

+ 6.85XlO -8 K 1 ' 94 

Equation (21) shows that the current varies directly as 

^ the ^ 6qUati0nS ’ - stS to be 

rue with all samples tested at room temperature and also 
true for some samples tested at higher temperatures ThZ 
means that the admittances of the test samples were constant 

of a*piece oTbsukSn In order for the admittance 

a piece or insulation to remain constant the caDaeitv 

" r anse in ^ 

.*L“ St ,he ** “““ ■» mm Thai 
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When equation ( 21 ) fails to represent the current passing 
through the insulation, then equation ( 20 ) will do it. When 
the current is rising faster than the voltage, as indicated by 
equation (20), it means that the insulation is weakening, and 
implies less satisfactory material than if the weakening effect 
were not present. It is doubtful if any insulation will prove 
satisfactory that needs equation (20) to represent the current 
passing through it. The equations tabulated above show 
that some of them are of the form (20) and, in these cases, the 
material broke down under test, while the others did not punc¬ 
ture. This suggests, therefore, that it is not at all unreason¬ 
able to judge the electrical value of an insulation merely by 
making observations of the current alone. The second term 
of equation (20) represents almost wholly, if not entirely, 
energy current. Part of the constant term also represents 
energy current. Pressboard sample No. 3 contained 5.38 per 
cent moisture, while sample No. 2 contained about 0.5 per 
cent, and one will notice from the above equations that this 
extra amount of moisture is responsible for large energy currents 
because the dielectric losses, as previously pointed out, were 
much larger for the former sample. 

2. Power factor vs. volts per mil. The power factors, as given 
by Figs. 11, 17, 21, and 24, can be expressed as a function of 
the voltage, V, by one of the following forms of equations: 


P = K ( 22 ) 

P = Ki + K 2 V ( 23 ) 

P = Ki- K 2 V . ( 24 ) 

P = Ki- K 2 V' n ( 25 ) 

P = Ki + K 2 e- av ( 26 ) 


e is the base of the Napierian logarithms. 

If P is the per cent power factor, and V the volts per mil, 
then the following equations represent the various curves given 
in the figures referred to above: 

Fig. 11—Varnished cloth—Sample No. 1— -P = 21.5 
“ 11— “ “ — “ No. 2—P = 18.2 

“11— * “ — “ No. 3—P = 18.2 + 0.0068 V 

“ 17—Pressboard—Sample No. 1— 53 deg. cent.—P = 1.7 
“ 17— “ — “ No. 1— 80 deg. cent.—P = 3.0 

“ 17 _ “ — « No. 1—103 deg. cent.—P = ? 

« 17 — « — “ No. 1—127 deg. cent.— P = 22-8-0.0136 V 
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Fig. 21 

“ 21 - 

“ 21 

« 24 
“ 24 
“ 24 

Referring to Fig. 17, it will be seen that no equation is given 
for the curve at 103 deg. cent. This curve first has an apparent 
decrease and then an increase of power factor. Curves of this 
type require a combination of two equations to express them. 

The equations which represent the power factor as a function 
of the voltage are quite varied over the range of conditions 
met with in the tests reported in this paper. The equations 
hold closely over the range of the tests; some of them cannot 
hold for low voltages, tvhile others cannot apply for high volt¬ 
ages. They are valuable in so far as they give one an idea 
of the forms of the equations when the power factors are meas¬ 
ured over such wdde conditions as -were met in these tests. 
When equation ( 22 ) holds, the power factor does not change with 
voltage. From the numerical equations above, it is seen that 
this equation applied in several cases. Insulation which be¬ 
haves in this way will prove satisfactory as far as dielectric 
losses are concerned. Equations ( 23 ) and ( 25 ) are for power 
factors which increase with voltage, and ( 24 ) and ( 26 ) are for 
those w T hich decrease ivith voltage. The numerical equations 
given shown that all four of the forms are required to express 
the results. The particular form of equation -which will hold 
depends on the conditions of the test and on the nature of the 
insulation. It depends on these two things, because the power 
factor varies from zero to 10Q per cent. In order for an equa¬ 
tion to represent the power factor completely, it must be one 
which has these two limits as its asymptotes. The particular 
form of equation, then, will be influenced by the position of 
the potver factor with respect to these two limits. Both the 
conditions of the test and the nature of the insulation determine 
the value of the power factor, as has already been pointed out. 

The power factor changes because the capacity and resist¬ 
ance vary. The results show, therefore, that in some cases 
these do not change, while in other cases, large variations are 
observed with voltage. One would think the increase in power 


No 2— 27 deg. cent .—P — 3.0 

-f 8 2€" 0 ' 00405^, 

No. 2—60 deg. cent .—P = 3.5 

-1- i 0 .3€-°‘ 00372i; 

No. 2—85 deg. cent .—P = 4.0 

-f 16.5e" 0 * 0046 - 1 ' 
No. 3—28 deg. cent .—P - 5.4 +00585 V 
No. 3—60 deg. cent .—P =26.3+0.0196 7 
No. 3—85 deg. cent .—P = 100. 
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factors is due to heating effects. But the losses always produce 
heating effects, which are small in many cases, and hence, the 
power factor should always increase, if it changes at all with 
voltage. It was pointed out, however, that a surprisingly large 
decrease in power factor with increasing voltage was observed 
in the case of well-dried oil-treated pressboard. In this case the 
application of high-voltage stresses produces effects, the nature 
of which is not fully known. Just as mica filings are lined up 
under the influence of an electric field, so. are the water and 
other movable materials in an insulation influenced.. It may 
be that herein lies the explanation of certain electrical phe¬ 
nomena observed in connection with insulation. 

3. Watts vs. volts per mil. It is found that in almost all 
cases the watts (W) can be expressed as a function of the volt¬ 
age (F) fairly well by the equation 

W = KV n ( 27 ) 


Referring to equation ( 19 ), if the power factor is independent 
of the voltage and the current directly proportional to it,, then 
W should vary directly as the square of the voltage. This law 
is frequently assumed to be true. and many calculations. are 
made depending on this assumption. The table of equations 
given below will show that this square law does not hold in 
many cases. If the power factor increases with increasing 
voltage and the current varies directly as the voltage or faster 
than it, then the exponent n in equation. ( 27 ) must be greater 
than two. The current has not been observed to vary less 
than the first power of the voltage, but the power factor fre¬ 
quently decreases with increasing voltage. In these cases, 
the exponent n must be less than two. The following table 
will show all three of these instances. W is expressed in watts 
per cu. cm. and F in volts per mil. 


Pig. 7—Varnished cloth—Sample No. 1 W — 4.90X10 6 F 1 

« 7 _ « «_ « No. 2— W = 4.40 X 10 “ 6 F 1 * 95 

« 7 _ « « _ « No. 3— W = 1.87X10" 6 F 2 ‘ 1S 

“ 13—Pressboard— Sample No.l—53 deg. cent.—IF = 0.235 X10 -6 F 2 ' 05 


13— 
13— 
13— 
19— 
19— 
19— 
22 — 
22 — 
: 22 — 


No. 1—SO deg. cent.—IF = 0.665 X10 ” 6 F 1 ’ 97 
No. l—103 deg.cent .—W = 2.47X 10 -6 F 1 ' 88 
No. 1 —127 deg.cent.—TF = 9.45 X10 " 6 F 1 ’ 87 
No. 2—27 deg. cent.—TF = 15.6 X10 "" 6 F 1 ' 47 
No. 2—60 deg. cent.— W = 45.5X10 " 6 F 1 * 32 
No. 2—85 deg. cent .—W = 52.5 X 10 " 6 F 1 * 33 
No. 3—28 deg. cent.— IF = 0.210 X10 -6 F 2 * 37 
No. 3—60 deg. cent.— W = 2.75 X10 -6 F 2 ' 14 
No. 3—85 deg. cent.—TF = 3.85X10*~ 6 V 2 52 
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This table shows that the losses vary at least from the 1.32 
to the 2.52 power of the voltage, depending on the condition of 
the test and on the nature of the insulation. Comparing the 
current and power factor curves with the corresponding loss 
curves, it will be observed that the “ square” law holds fairly 
well where it should hold theoretically. When the power 
factor decreases with increasing voltage and the current varies 
directly as the voltage it will be noted that the same equation holds 
but the exponent is considerably less than two. In other cases, 
on account of the manner in which the current and power factor 
vary with the voltage, the exponent n is considerably greater 
than two. The samples of pressboard which contained the 
largest percentage of moisture gave the largest values for n, 
while the well-dried sample (No. 2) gave the smallest. As 
has been suggested already, pressboard sample No. 1 probably 
contained a little more moisture than sample No. 2, and it is 
seen that the exponent has larger values for the former sample 
than it has for the latter. In addition to this effect of moisture 
on the exponent n, the temperature at which the tests are 
made also affects the values of the exponent. In the same 
way, the moisture and temperature influences the value to be 
assigned for the constant K. 

(b) Temperature Equations. 

1. Current vs. temperature. The curves in Fig. 10 showing 
the current vs. temperature for varnished cloth can be repre¬ 
sented by the equation 

I = Ki + K 2 e av (28) 

while those for pressboard given in Fig. 16 can be represented 
by 

I = Kx + K 2 T* (29) 

It has already been mentioned that the points for the curves 
given in Fig. 10 do not form smooth curves, and for this reason, 
it is doubtful if equation (28) w r ould represent the curves if the 
points were more consistent. It may be said that out of a 
large number of cases tried, equation (29) has been found to 
hold. For this reason, the latter equation is to be considered 
as the more probable one, to express the results. The follow¬ 
ing numerical equations express the results given in Figs. 10 
and 16. T is expressed in degrees cent, and I in milliamperes 
per sq. cm. 
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Fig. 7—Varnished cloth—Sample No. 1 —I = 0.0085+3.1X10 5 €° 166T 

« 7 _ « « _ « No. 2—7=0.0084 + 2.2 X10" 5 e°* 164T 

« 7 _ « « — « No. 3—7 = 0.0084 + 2.7 X10” 5 e°’ 165T 

“ 16—Pressboard—Sample No. 1—100 VPM—I = 0.0045 + 5.3 

X 10 - 1 7 r 5-95 

« 16— « — “ No. 1—150 VPM—I = 0.0068 + 1.55 

xio -18 r 6 * 75 

« lO— « _ ■ “ No. 1—200 VPM— I = 0.0092 

+ 7.3 XIO” 17 r 6 ’ 00 

« 16— « — “ No. 1—250 VPM—I = 0.0117 

+i.36Xi0” 16 r 5,95 

The constant terms in these equations represent that part of 
the current which does not change with temperature. The 
second terms, however, are seen to increase rapidly with the 
temperature. These second terms represent weakening ef¬ 
fects in the insulation, which is finally broken down due to them. 
These terms, then, probably represent almost entirely energy 
current, which is seen to increase about as the 6th power of 
the temperature. Consequently, for large values of T the 
weakening effects increase very rapidly. At low temperatures, 
the weakening effects are not so of much importance as at the 
higher temperatures. These same effects are noted for power 
factors, and losses. 

2. Power factor vs. temperature. Since the current can be 
represented as some constant plus a term to represent weaken¬ 
ing effects, due to increased temperature, it is natural to look 
for the same kind of a law to represent the power factor as a 
function of the temperature. Referring to Figs. 12 and 18, it 
is seen that the shape of the curves is similar to that of the 
current curves showing the temperature effect. As a matter 
of fact, if P is the per cent power factor and T the degrees 
cent., then 

P = Ki + K*T* ( 30 ) 

for the curves given in Figs. 12 and 18. The numerical equa¬ 
tions for the curves in Fig. 12 on varnished cloth are: 

Sample No. 1 —P = 3.5 + 1.20 X lO” 9 !’ 4 ' 60 
“ No. 2 —P = 3.5 + 1.80 XIO" 9 ^* 45 

“ No. 3 —P = 3.5 + 0.29 X10" 9 r 4 * 85 

The curves shown in Fig. 18 are so nearly the same that the 
following equation represents an average curve through the 
points at the various temperatures: 

P = 1.6 + 1.25X10" 12 T 5 * 76 
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These equations hold nicely over the range tested, but they 
could not represent a curve extending from 0 to 100 per cent 
power factor for reasons pointed out in the section dealing with 
the voltage equations. These equations show that the weaken¬ 
ing effects, due to increase of temperature, are causing large 
increases in the power factors as well as in the magnitude of 
the currents. 

3. Watts vs. temperature. It would seem reasonable to 
multiply the current and power factor equations together at 
any constant voltage in order to express the watts as a function 
ot the temperature. This would yield the desired equation 
but since the current and power factor equations are alike for 
the curves given in this paper, it is to be expected that loss 
equations will be of the same general form. This expectation 
is fulfilled, for if W is the watts per cu. cm. and T the degrees 
cent, as before, then 


W = K l + K 2 T” 


( 31 ) 


The constant term represents the loss which does not change 
with temperature, while the second term is accounted for by 

The ?!f kemng effects due to the influence of temperature 
he following equations show these effects to increase rapidly 

the cur '" s in R6s - 8 md 14 ~ 

Fig. 8-Varnished cloth-Sample No. 1 -W = 0.020 + 6.8XlO-«7™ 
“ g_ « a _ “ No -2—IT = 0.025 + 3.5X10- I3 r 5 - 26 
■ No . 

* 14— “ _ a .. „ Xio- l6 r«- M 

ho. 1 150 VPM —W = 0.0060 -f- 3.1 

“ 14— “ _ , , Xio _14 r 6,40 

ho. 1—200 VPM— W = 0.0110 + 1.40 

° i4— “ _ „ M , xio- 14 r 6 - 70 

ho. 1 250 “ —W = 0.0150 + 4.8 

Xl0~" 9 7^* 06 

d ° “>* ^ 
low results. TMs f" eqUati<MS give too 

insulation was Wher th« thT * the tem P e ^ure of the 

t?L 2ZX 
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ture of the insulation above that of the surrounding oil be¬ 
comes appreciable only at the higher temperatures, say above 
100 deg. cent. If this rise of temperature could have been taken 
into consideration, then it is probable that equation ( 31 ) would 
apply quite closely. Taking into account the deviations of 
the equations from the experimental curves, they seem to in¬ 
dicate that the rise of temperature of the test pieces above the 
surrounding oil was probably five or six degrees cent. This in¬ 
crease of temperature occurred during the time the potential 
was applied, which was not more than a few minutes in most 
cases. 

It is to be noted that exponent n for equation ( 31 ) is about 
equal to that for equations ( 29 ) and ( 30 ). The weakening 
effects, then, due to temperature, affect the current, power 
factor, and loss in the same way and they can be represented 
by the same general type of equation, thus showing the funda¬ 
mental nature of the effects due to temperature. 

(c) Moisture Equations. 

1. Current vs. per cent moisture. The general shape of the 
moisture curves shown in Figs. 25, 26, and 27 leads one to 
suspect that they are of the same nature as the temperature 
curves and that the same general form of equation ought to 
apply to both sets. It has been pointed out that there appears 
to be a noticeable increase in the power factors and losses at the 
lower voltages (50 volts per mil) for well-dried samples of press- 
board. At the higher voltages (200 to 250 volts per mil) this 
increase is not so noticeable as shown in the above figures. 
Consequently it is impossible for the general form of the tem¬ 
perature equations to apply exactly for moisture. Neglecting 
this peculiarity and considering the weakening effects due to 
the presence rather than the absence of moisture, the same 
general type of equation holds for both the temperature and 
moisture effects. So that, if X is the per cent moisture ab¬ 
sorbed in the pressboard and I the current in milliamperes 
per sq. cm., then 

I = K x + K 2 X * ( 32 ) 

The numerical equations for the curves in Fig. 26 are 

At 27.6 deg. cent .—I = 0.0101 H~ 9.0 X lO^X 4 ' 40 
“ 60.2 deg. cent.—/ = 0.0105 + 9.9X10~ 8 A 8 ‘ 2() 

“ 85.4 deg. cent.—/ = 0.0110 + 30.5 X10- 8 Z 6,60 

It is to be observed that these equations also show that moisture 
causes weakening effects in insulation in much the same way 
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that increase in temperature does. In both cases the values 
for the exponent n are about the same, showing that weaken¬ 
ing effects increase even as much as the 5 th or 6 th power of 
the absorbed moisture. 

2 . Power factor vs. per cent moisture. The general form of 

the equation representing power factor vs., per cent moisture 
is 

P = K\ + KfX. n ( 33 ) 

It is seen to be of the form (32). It holds only over a limited 
range, perhaps up to 85 per cent power factor. This shows 
that the power factor is changing in much the same way the 
current does. The following equations apply to the curves 
shown m Fig. 27: 


At 27.6 deg. cent .—P = 3.0 4- 1.65X Kr'X 6 ’ 00 
60.2 deg. cent.—P = 4.7 + 3.50X 10 -3 X 3 ' 90 
85.4 deg. cent.—P = 6.0 + 3.05X 10 _2 X 3 ' 30 


“T* ef l uauons sflow th at the effect of moisture on the power 
factor is the same as the bffeet on the current. 

3. Watts vs. per cent moisture. The same form of equation 
also applies to the curves showing the dielectric loss vs. per 
cent moisture. That is, p 


The same limitations 'are to be placed upon this equation as 

put on equation (32). The following equations apply to 
those curves given m Fig. 25: 

At 27.6 deg. cent.— W = 0.035 + 1.45X K)~ 9 X 8 ' 55 
“ 60.2 deg. cent.— W = 0.050 + 2.65 X lO^X 5 ' 65 
“ S5.4 deg. cent.— W = 0.061 + 1.25X 10~ 5 X 6 '°° 

These equations show that the losses increase rapidly as the 
quantity of absorbed moisture increases. All of the moisture ' 
equations show clearly the harmful effects produced by it and 
it is essential to look closely into this matter in studying in¬ 
sulation which absorbs moisture. y g 

„ rt ” aybesaidofthe equations as a whole that the exponent 
« and the constants, K, and are greatly affected by the 
voltage, temperature and moisture conditions. TheredoJs not 

Si ? er^d°Te e th t0 ^ anyd i efinite rdati0n b6tWeen these quan¬ 
tities and the three variables dealt with in this paper. The 

SiZ “ tle ” tUIe ° f * he “creased eon- 
ductmty is the same for both temperature and moisture. This 

n s s rengt to the belief that moisture may be responsible 
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for a large part of the phenomena observed. This is also further 
strengthened by the fact that the currents, power factors, and 
losses, increase many fold in the neighborhood of 100 deg. cent, 
and especially above this temperature. This temperature is a 
critical point for water at atmospheric pressure, but it would 
require over 100 deg. cent, to boil water in extremely small 
capillary tubes such as exist in porous insulation. If the 
moisture is entrapped in an insulation that is only slightly 
porous, then it could not be eliminated by evaporation so easily. 
Consequently, when the temperature of the insulation is, say 
125 deg. cent., the moisture may show decided increases in con¬ 
ductivity that do not show up below 100 -deg. cent. Since most 
of the losses are due to the absorbed moisture it is reasonable 
to believe that they are to a great extent in the moisture itself 
rather than in the insulation. This means that the temperature- 
rise occurs in the former before it does in the latter. Not more 
than 12 cu. cm. of moisture existed in any of the test samples 
considered in this paper and for this reason the losses could ap¬ 
parently produce marked changes in the insulation. As a 
matter of fact, probably little change took place in the material 
itself and almost the whole change probably was due to 
the increased conductivity of the moisture on account of 
the heating effects within it. It is advisable, therefore, to 
look carefully into the nature of the foreign material an in¬ 
sulation contains, whether this material be moisture or other 
harmful substances. The equations show that the weakening 
effects increase as the 5th or 6th power of the temperature 
and moisture. So that, if the moisture is present to only a few 
per cent, these effects become excessive and the increase of tem¬ 
perature magnifies them still more. With such an unstable 
condition of the insulation as here indicated, it is to be expected 
that the effective temperature of the insulation, for high losses, 
will be higher than recorded by a thermometer placed under the 
oil against the test terminal. For this reason the equations may 
not hold exactly over the whole range for the various curves. 
Considering everything, the equations represent the results as 
well as one can desire. As a whole, the results point to a con¬ 
ductivity of an electrolytic nature. 

There are many other things to which attention might be 
given, but this will not be done in the present paper. It is to 
be hoped that in a future paper further results of the work 
on dielectric losses, especially regarding the effect of frequency 
on them, may be given. 
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Accuracy of Results. It will be well to devote a short space to 
the consideration of thf accuracy of the results given in this 
paper. Both the current and voltage can be measured to 
within one or two per cent, but the largest error is introduced 
by the measurement of the minor axes, b', of the ellipses on the 
photographic plates. Referring to the illustrations in Plate CXI, 
it will be seen that no great difficulty would be encountered in 
measuring b' for illustrations 3, 4, 5 and 6 . The measurement 
of b' for photographs 1 and 2 might be in error as much as five 
per cent. If one desires to check the measurements given in 
the paper tor these illustrations, he may do so in order to see 
how accurate the measurements can be made. Experience in 
making these measurements will be found valuable. It should 
be said that the measurements can be made on the originals with 
a greater precision than on these reproductions. For low power 
tactors, as shown in the first two illustrations, each point for 
dielectric loss may be in error by V'l 2 X2 2 + 5 2 = 5.5 per cent. 
One, two, and five per cent are used, respectively, for the errors 
due to voltage, current, and power factor measurements. When 
points for a curve are taken it is probably true that a point taken 
off an average curve will not be in error by more than about 2.5 
per cent. Certainly, with the larger powder factors this precision 
can be obtained with the cyclograph. An accuracy of the cyclo¬ 
graph equivalent to this is quite satisfactory for the kind of work 
to which this apparatus is adapted. 


v. CONCLUSIONS 

. The followin g conclusions are arrived at as a result of this 
investigation on dielectric losses: 

. L successful application of the cyclograph in determin¬ 
ing dielectnc losses m insulations is amply demonstrated by 
the results given in this paper. 

2 . For good insulation the current should vary directly as 
the applied voltage. If the current increases more rapidly 
han this, it will show weakening properties. 

th!’ 7 h J- + dieleCt ? C i!° SSeS Vary ° Ver wide limits ’ spending on 

The w T i ! t6StS andthe nature of the insulatfons. 
The losses show clearly the electrical value of an insulation. 

of insukFnn glV6n m , the Pap6r Sh ° W that the P° wer fa etor 
of insulation may vary from about 2 to 99 per cent The 

“ the mSulatl ° n and the conditions of the tests determine 
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5. It is shown that the watts do not vary as the square of 
the voltage, but may vary from the 1.32 to the 2.52 power of 
the voltage. 

6. The weakening effects in insulation, as shown by the 
dielectric losses, power factors, and currents, may increase as 
much as the 5th or 6th power of the temperature. 

7. The weakening effects in pressboard, and very likely 
other water-absorbent insulations, may also increase as much 
as the 5th or 6th power of the per cent absorbed moisture. 
When the free moisture is above 3 per cent the weakening ef¬ 
fects due to its presence are quite pronounced. 

8. Empirical equations are derived that will express the 
dielectric losses, currents, and power factors, as functions of 
the voltage, temperature, and absorbed moisture. 
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Discussion on “ An Investigation of Dielectric Losses 
with the Cathode Ray Tube ” (Minton), Deer Park, 
Md., July 2 , 1915. 


H. W. Fisher and R. W. Atkinson: I believe the company 
with which the writers are associated was one of the first in this 
country to make extensive experiments relative to dielectric 
losses in cables and insulating materials. 

After receiving valuable suggestions from the Bureau of 
Standards, special apparatus was designed for this work, which 
in connection with a vibration galvanometer was found to give 
very satisfactory results in determining dielectric losses, power 
factors, a-c. capacitance, etc. With this apparatus, varnished 
cambric manufactured by different companies was tested and 
power factors obtained at ordinary temperatures ranging 
between 4 and 20 per cent. A special apparatus was designed 
by means of which single thicknesses of insulating materials 
could be tested and also another apparatus in which the dielec¬ 
tric properties of insulating compounds could be determined. 
Later a Rowland dynamometer was adapted as a very sensitive 
wattmeter, for measuring energy losses at high voltages. 

Experimental cables, made with varnished cambric of high die¬ 
lectric loss, when subjected to excessive voltages, gradually be¬ 
came hotter and hotter until . burn-outs occurred, whereas 
similar cables made with material of small dielectric loss and 
subjected to the same test, scarcely became warm. 

. ^ a py different tests were made and the results carefully 
investigated in order to determine the best materials to use and 
the best methods of treatment of different dielectrics, etc. Some 
of the results of these tests have appeared in one or more papers 
presented by the authors at previous meetings of the A I E E 
A careful study of the results of all these experiments made on 
a great ■x anetv of materials manufactured or treated in different 
ways showed how dielectric losses can be reduced to a minimum 
thereby msuring serviceable and efficient manufactured products! 

Referring once more to the paper of the author, we find that 

f Ven T ere on sam P les of varnished cloth and press- 

o rd. As we have had no experience with the latter material 

asTsed Tn^l k,° teSt£ V f varnished cloth, dry paper 
as used m tdephQne cables, and saturated paper as used in 
electric light_and power cables. 

After carefully examining the results of the author’s exper¬ 
iments on different samples of varnished cloth, we find that these 
are practically in agreement with tests made by us. The power 
actor of cables insulated with varnished cloth does not change 

voltase up *° voSi 

°LiV- e ' • l , he voltages are increased above this point a 
slight increase m the power factor takes place the rate of in 

mptoe ^ 00 ™ 112 gieater aS the V0ltage approaches the point of 

We also find that the power factor increases with rise of 



1915] 


DISCUSSION AT DEER PARK 


1679 


temperature in somewhat the same way as shown by the author 
in Fig. 12. It should be borne in mind that in the case of var¬ 
nished cloth, lower power factors can be obtained by the appli¬ 
cation of high temperatures for a long time, but such a treat¬ 
ment if carried to excess injures the mechanical properties of 
the cloth, thereby making the cables more liable to injury from 
bending during the process of installation. 

We have found that the capacitance of varnished cloth cables 
does not appreciably change with voltage or temperature up 
to the point where a marked change occurs in the power factor. 
By the use of the term capacitance we mean the capacitance as 
measured by a-c. method and not that as usually measured by 
the discharge deflection galvanometer method. The apparent 
capacitance as measured by the latter method increases very 
rapidly with rise of temperature. 

In the case of dry core telephone cables the percentage of 
moisture in the paper may very much affect the insulation re¬ 
sistance, and the apparent electrostatic capacity, and the tem¬ 
perature coefficients of these. A statement of the amount of 
moisture contained is somewhat arbitrary, because further mois¬ 
ture can always be eliminated from dry paper in any condition, 
until complete charring is reached. Our results on this material 
are, in general, similar to those given in Figs. 26 and 27 of the 
paper, except that any increase in moisture produces some 
increase in capacitance and in power factor. However, as 
shown in these curves, the effect upon these properties is very 
slight for a small amount of moisture and the effect is much less 
at low temperatures than at high. One half of one per cent 
moisture in the paper of any cable does not increase the apparent 
capacitance much above that of the same cable where the amount 
of moisture has been eliminated as far as possible without char¬ 
ring the paper. As the percentage of moisture becomes greater, 
the apparent capacitance increases at a greater and greater rate 
at ordinary temperatures, and becomes excessive at high tem¬ 
peratures. The true capacitance also increases with increase 
of moisture and temperature, but at a much less rate. The 
effect of moisture as shown in our tests on dry paper is also 
similar to the data given in Fig. 27, except that the power factor 
at low temperatures is lower for dry paper and there is no dip 
in the curve. We have, however, found, in tests made on many 
compounds, that there is a temperature at which the power 
factor is a minimum. 

In the case of saturated-paper-insulated cables we have 
found that the power factor and capacitance vary with voltage 
and temperature in much the same way as already shown in the 
case of varnished cloth, the principal difference being that the 
power factor of paper-insulated cables at low temperatures is 
very much less than that of varnished cloth. Of course, the 
materials used and the method of treatment, both in the case 
of varnished cloth and of paper, very much affect the absolute 
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value of the power factor, but without influencing the general 
characteristics just described. The general effect of moisture in 
saturaled-paper-insulated cables is similar to that described by 
the ^author for treated pressboard. 

e have found that dielectric loss in some few cases measured 
at low temperatures varies directly with frequency, whereas at 
high temperatures where the loss has been considerable, there 
is flight variation with frequency. These results were obtained 
from tests within the limits of 25 and 60 cycles. 

The importance of dielectric loss lies in the fact that it pro- 
duces heat and thus still further increases the temperature of 
t le cables. This is most serious at high voltages, because for 
oie same power factor, the energy loss is then so much greater. 
Ine institute Standardization Rules take account of this by 
allowing different limiting temperatures for cables operating, at 
different voltages. s 

A. S. McAllister: The author states that the loss varies with 
u ° f th ! X olt ^ e ran ging from 1.3 to 2.5. The loss 
tha!f 9 be expected to vary at some power of the voltage not less 
IT L T not improbable that the tests at higher voltages 
IT “t de f T mat ermls physically different from those used in 
SatfSf f t - low f voltages, the change in the character of the 

If as the ab ° ut b J the increased temperature, 

it as the temperature is increased the conductivity of the ma- 

S 2 r rf aS hn 6 l 0 SS f T 1] Va T at a P° wer of the 7 voltage less 
ing- temDeratu^mj’J 116 c ° aductlvit y increases with increas- 
m-faterthau 9 IfiT 11 Vary at a P° wer of the voltage 

condSkSv with S, 0Uld bke 1 ° aSk the author if the change in 

temper “” e ^ »n 

W h T MidStT r p01 ^ t is ex P la ined in the paper, 

liev ' b T 1 ^® ton fl and ?’ L ‘ Dawes: Mr - Minton has, we be- 
i I ’ T d * I th ? reformation obtainable from low-voltasre 

lttin^ ^ re T ntS T° f the resistance and of the capacity of nsS 
latmg materials. In connection with cables we have found ?n 

many cases that the insulation resistance drops materially after 
the msuktion has been subjected to electrostatic^s?re 2 esoectallv 

of insulation show no aonrerishl^ * * * ^ er ^ ai . n grades 
after being subjected tS'S,' ir °S k “ ,n f s "l at ‘ 0 ” fosistance 
to a certain extent by Fivs S and n in rlf facts V' bome out 
loss increases faster UraS the“olSge sJS" ‘ 

loss is of course included in i' s squared. The hysteresis 

We have fShff fo„nd”hil thf d S c“ ^ ^ the “ fi S™*- 
stress and also if a high condition of stress^ rSed ”!!?” 3 ^ 
may not return to its initial -r r 2 i,, Q c- T reac hed, the capacity 

by the author in% ISandT'wI 11111 ! results are sho ™ 
gS - 15 and 23 where ^e current increases 
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faster than the voltage and also in the statement of conclusion 2 
by Mr. Minton. These effects have a very important bearing 
upon cable testing, for by the insulation and capacity measure¬ 
ments, too severe testing of the insulation can be detected. 

In Tables I and II are given data illustrative of these effects. 


TABLE I—WIRES SHOWING RESULTS OP STRESS. 
Megohms in 1000 ft. 


Test 

No. 

Feet 

Before 

volt¬ 

age 

2500 

volts 

1 min. 

5000 

volts 

lmin. 

After 

2 hr. 

5000 

volts 

5 mm. 

After 

2 hr. 


1 

1562 

14,500 

14,500 

7,500 

11,500 




2 

1547 

22,000 

22,000 

16,000 

18,000 




3 

3150 

7,500 

7,500 

6,000 

7,000 

5000 

5000 


4 

1740 

15,000 

15,000 

6,500 

10,000 

750 

2500 


5 

2402 

15,000 

15,000 

7,500 

10,000 

2500 

3500 










Megohms in 








Break¬ 

1000 ft. after 








down 

repair, 4000 








volt¬ 

volts, one 








age 

min. 

6 

3560 

4.SOO 




4620 

13,000 

4400 

7 

1425 

3,500 




3440 

12,000 

4470 

8 

2350 

9,000 




9015 

15,000 

8425 

9 

2750 

7,660 




7660 

15,000 

9150 

10 

2400 

2,950 




2740 

7,500 

2810 


TABLE II—WIRES SHOWING RESULTS OF STRESS. 


Microfarads per 1000 ft. 


Feet 

Before volt¬ 
age test 

After 5000 volts 
for 1 min. 

3150 

0.126 

0.130 

2176 

0.146 

0.150 

2470 

0.130 

0.134 

2925 

0.130 

0.133 

2775 

0.120 

0.124 


i In impregnated paper cables, high insulation resistance and 
* high dielectric strength rarely occur simultaneously. A high 
insulation resistance may mean a low degree of impregnation 
and consequently low dielectric strength. This is due not only 
to insufficiency of insulating compound, but to the fact that the 
dry paper is more or less brittle and becomes injured mechanically 
with handling. An increase in the amount of impregnating 
material may reduce the insulation resistance but increase the 
dielectric strength of the cable. Thus it can be seen that con¬ 
siderable information is obtainable from low-voltage measure¬ 
ments. 

As a matter of interest to ourselves we have measured insula¬ 
tion losses upon commercial lengths of cable by means of a 
portable wattmeter. The current coil was connected in the 
ground lead going to the sheath and the voltage was stepped 
down by means of a potential transformer. The inductance 
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of the potential coil of the instrument was made negligible by 
connecting a high non-inductive resistance in series with it. 
Although we did not know the phase angle of this particular 
potential transformer, the maximum error from this source, 
computed from the phase angles of similar transformers, did not 
exceed 5 per cent. We soon expect to be in a position to check 
these results by another method. Of course, this method would 
not be applicable to the small samples tested by Mr. Minton. 

F. W. Peek, Jr.: Mr. Minton’s paper shows clearly the great 
importance of thoroughly drying and removing occluded air 
from insulations before putting them into apparatus; the impor¬ 
tance of operating at moderate temperature; and the necessity 
of keeping apparatus free from moisture. The chief use of loss 
measurements in practise is to check the condition of the insula¬ 
tion before it is put into use. 

It may^ be of interest to compare the mechanism of loss in 
gaseous, liquid and solid insulations.* 

In oil, and particularly in air, there is very little loss until local 
breakdown is reached. The loss in brush discharge or corona 
then increases directly as the square of the excess voltage above 
fc he critical voltage. With solid insulations, loss appears as soon 
as voltage is applied. The loss may be due to: 

U) The so-called dielectric hysteresis or lag of the flux behind 
the e. m. f. due to some molecular action. 

. ( 2 ) Tlie toss due to conduction. Practically all solid insula¬ 
tions absorb moisture to a greater or less extent. The capillary 

. -b. tube s and microscopic interstices, etc., in the 

v * v structure become filled with moisture and 

Ivwvv_jjj gases. In the non-homogeneous structure 

il this ^ a kes a complicated arrangement of 

Fig. 1 capacities and resistances in series and in 

rp, , , multiple, as shown diagrammatically in Fig. 1. 

„_I he 0SS6S due t0 (!) should vary as the square of the voltage 
and approximately as the frequency. ® 

Pi ~ ciif e 2 

The losses due to (2), Fig. 1, a, vary as the square of the voltave 

and approximately as the square of the frequency whin the 
resistance is small and constant. requency when the 

Thus 

P 2 ~ a 2 f e 2 

TOhaI°e S h Ue J° (2) \ Fig - F b ’ must var T ^ the square of the 
of the frequency reS1StanCe remainS constant > ^t is independent 

Pz = — C-3 €~ 

The tc,, 1 loss mav then be made up of a number of components, 

—- tZHA P'- + P* = e 2 f + a 2 e 2 p + a 3 e 2 

*For more extensive data, etc I L r rTT 7^r. - ---- 

ena in High-Voltage Engineering”. P ' VI1, Dleleotnc Phenotn- 
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In poor insulation, or in insulation containing moisture, the loss 
may increase at a greater rate than the square of the voltage, as 
the resistance will decrease with increasing voltage. 

In homogeneous insulations in good condition the last two 
terms are small and the expression for loss becomes 

P = cl e 2 f 


and for certain insulations 

p = a e 2 (/ + c) 

I believe that the deviations from the square law in Mr. 
Minton’s paper are due to the conditions of the insulation. 
From examination of a considerable number of experimental 
data obtained by myself and others I have found that 


p = ae 2 f 

is generally followed, or, putting this in the gradient, g kv./mm., 
in place of e , 


p = b g 2 f 10“ 6 watts per cu. cm. 

At 25 deg. cent, b is 

2 to 15 for oiled pressboard —depending upon the quality or kind. 
5 for glass. 

7 to 10 for varnished cambric. 

The values for varnished cambric were obtained for 60 cycles 
and 40,000 to 100,000 cycles. The values at the high frequencies 
were calculated from measurements made by Mr. Alexanderson.* 
These values follow very closely the square law. 

The loss and, therefore, b, increases approximately with increas¬ 
ing temperature in the form 

b = Kt n 

where t is the absolute temperature in deg. cent. 

For varnished cambric 

bz 1.2 t 10 10- 26 • 
or 

p = 1.2 g 2 t 10 10 -32 watts/cu. cm. 


*Proceedings Radio Engineers, June, 1914. 

“Dielectric Phenomena in High-Voltage Engineering”, pages 185-187. 
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noted'that Hke varnished cambric I have 

noted that the equation sometimes takes the form 

p = bg*(f + c ) 

spS^ll ^pro^m 3 of SationTn Stifc 

of engineers that rt? Cen Ki yearS r bat xt has dawned on the minds 

voltage tesfi-n cr Qr iri v, • r insulating apparatus for high- 
their^d^loc^ric^operties^md th^ U ‘ at ^ I ]f t°^temaine 

°F 

results crn hnf /i 4 . as good as far as commercial 

met?ife in2efe^S? 86 ° f tbis P articular method seems to 
the test intheformof aT US a ^P 1 ^ record of 

or something else It oaSrff figur ® whlch ma y be an ellipse 
analysis of *«££* rnd eTVfmm the 7* ° btain the 
applying a method similar to those which^Mr rt^Iu ^P 1- ® h J 
out in some articles recently in th7 S Y -’ ?V bb hai5 brought 
actual analysis of the operation ^ e ele ^” cal journals, and an 
obtained. operation of the dielectric could then be 

StoW it "? ?” ab “ *» 

of the material during the cycle whichri? 6 diel . ectnc Properties 
On account of its lack of ^mch 1S a very important point. 

determine the actfoj of SfcSrS“ Cy f°^ h ma ^ be used to 
quencies, which, in connection with rife^ J ery hl & h fre ' 
on insulation, is a subject which ha<= mf of dlstorfc ed waves 
consideration. It is vervTnW.tt been ? Ve ? but ve ^ y bttle 
losses may be expressed in term a nf ° tbat tbe dielectric 

by a very simple P equSron ° f m ° 1StUre and temperature 

The dielectric loss will not denend io * thls assumption, 

sense. When we talk of th Fo n resis ^ ance m the true 

we are simply usina an exores^io^ the dielectric, 
in phase with the current and^h^f! 011 ^! 16 vcdta £ e component 
molecular loss lo 1h« ay , COnSis ? ° £ * 

displacement in the molecule itself that^? th i® P olanzatl °n or 
figuration of the electrons hut thT • atis > to a change in the con- 
the loss due to an?chSS to coS-frif ■ ' T” f “PP°‘e ‘hat 
to the square of theTXge 18 * r “tly proportional 
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W. C. Arsem: The subject of dielectric loss is assuming more 
importance as engineers are beginning to recognize its bearing 
on the quality of insulating materials. It is now realized that 
many failures of insulation are due to the cumulative effects of 
dielectric loss. If insulation be used under conditions such that 
the rate of dielectric loss, as heat, is greater than the rate of 
dissipation of heat by conduction and radiation, the temperature 
will rise. But the dielectric loss increases with rise of tempera¬ 
ture, so that the insulation keeps getting hotter until it is melted, 
charred or punctured. 

Mr. Minton is to be congratulated upon having perfected, an 
apparatus by which a full set of measurements may be made in a 
short time. I hope full advantage will be taken of this, apparatus 
and method to secure some accurate data on dielectric losses in 
pure and easily reproducible materials, such as mica, glass and 
oils at different frequencies, voltages and temperatures, and also 
different thicknesses of insulation. Such data would help to 
establish some theory of dielectric loss which would correlate 
all known phenomena and facilitate the improvement of insulat¬ 
ing materials. 

The theories that have been proposed to account for the prop¬ 
erties of imperfect dielectrics fall into three general classes: 
First, the inhomogeneity theory of Maxwell, according to which 
an imperfect dielectric is assumed to be made .up of portions 
having different dielectric constants and specific resistances. 
Second, the hysteresis theory which is based on the view that 
the dielectric displacement is not determined by the instantan¬ 
eous value of the applied potential, but depends upon the previous 
history of the dielectric. The behavior of an imperfect dielec¬ 
tric in an electric field is not exactly analogous to that of iron in a 
magnetic field, for in a dielectric the final value of the displace¬ 
ment remains proportional to the potential, except that there 
is a time-lag. The loss per cycle in a dielectric, moreover, de¬ 
pends on the length of the cycle. A theory of viscous hysteresis 
has been developed by Pellat, in France, and von Schweidler, in 
Austria, which has been applied with some success in special cases. 

The third theory advanced is the ionic theory. It assumes 
that in a perfect dielectric there is no conductivity in the ordinary 
sense, but only a practically instantaneous displacement of one or 
more electrons in each molecule when a potential difference is 
applied. In an imperfect dielectric, however, there.are also ions 
of molecular dimensions resulting from the dissociation of the 
dielectric itself or impurities. These ions are responsible for 
residual charges, dielectric losses and the apparent variation of 
the dielectric constant with frequency. 

The ionic theory is rapidly gaining favor, and to my mind is 
the most likely to prove correct. 

In reference to Mr. Peek’s remarks, just before his closing, it 
might be supposed from what he said, that it had been estab¬ 
lished that the loss depends upon the frequency and is in exact 
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proportion to it, but I do not believe that any results have been 
obtamed ye t which prove it conclusively. In fact, some data 
which have been obtained very recently in research work show 
that the relation is not linear. The ionic theory would indicate 
quite a different relation. 

U* J* Ryan: The cathode ray tube has two familiar traits 
that a.re virtually its own: (1) Tracing cyclograms that furnish 
wave forms, cyclic energies, and power factors. (2) Condensers 
are employed exclusively for the voltage and current controls, 
in most work these control condensers are comparatively in¬ 
expensive and free of frequency and resistance errors. The 
tubes may, therefore, be used for indicating values at high 
voltages . and sustained high frequencies, or at the highest 
frequencies in steadily recurring transients. By these two 
traits the cyclograph offers special advantages for the measure¬ 
ment of small powers applied at high voltages over the widest 
range of frequency. It has been found quite feasible and con- 
vement to use the cyclograph without changing any of its adiust- 
ments to measure the voltage, current and power factor emploved 

q ifn°mn f ° m i atl0n about the same conductor at 60 and again 
at laU,000 cycles. 

When we began to use high-frequency sources for experi- 
,f n d our laboratory, we were distressed 

to find, that it was difficult to provide insulating supports for 
the mam electrodes.carrying voltages of 50,000 and more. The 
conductors, a half inch m diameter and more, delivering such 
voltages, when supported on glass rods, glass or porcelain in- 
° r msul ators of the usual refractory materials that 
might be employed, would cause such insulators to crack and 
fall to. pieces. For the time being, cotton threads were the only 
enduring insulators and these conductors were thereby supported 

Was T y ^satisfactory. Then it occurred to 
us that the.Fortescue-Famsworth principle brought out beauti- 
fully m their paper and a demonstration of which I had witnessed 
m Mr. Fortescue s laboratory with high voltages at 60 cycles 
was even more available at these higher cycles. By this prin- 
dple. we eliminated, the atmosphere that causes over-stresses 
substituting all such atmosphere with solid dielectric. B v the 
use of this principle every source of trouble in supporting con¬ 
ductors carrying high voltages at sustained high frequency 
completely disappeared. There should be no great difficult 
m providing insulators for delivering, in so far as there will be 
occasion to deliver the higher voltages at the higher frequencies. 

R ‘ p ; Jackson (by letter): Mr. Minton’s paper verifies sim¬ 
ilar data obtained m an entirely different way. Fig. 21 gives 
curves of power factor of oil-treated pressboard at different 
temperatures, and voltages. The rise of power facto? with 
temperature is perfectly natural, and is generally characteristic 
of most insulation.- The falling of power factor with S of 
voltage, however, is not characteristic of all insulation and is 
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a feature which was hard to believe when betrayed by our own 
investigations. For that reason, the data were taken over several 
times to verify the fact. The results remained the same, how- 
ever, and the next problem is to find an explanation. In general, 
insulation having leakage has something of a coherer character¬ 
istic which causes apparent drop of resistance with rise of voltage, 
with consequent increase of losses more rapidly than the square 
of the voltage. Insulation having losses rising more rapidly 
than the square of the voltage, therefore, has a normal and 
readily explained loss and power factor curve. When the losses 
rise less rapidly than the square of the voltage and with a falling 
power factor with rise of voltage, there is evidently some polar¬ 
izing element which is difficult. to explain. Incidentally, this 
feature is highly desirable in insulation. . We should like o 
know if any physical or chemical explanation has been oliere , 

covering this feature. - 

H. W. Fisher: In the discussion by Professor Dawes and 
Doctor Middleton, the statement is made that in testing certain 
cables there was a great difference in the insulation resistance 
before and after the high-voltage test. I would like to ask 
Mr. Dawes what kind of insulation was used m the cables tested. 
We are meeting specifications which require that the insulation 
resistance before and after the voltage test shall differ by on y 
a small amount. In wires insulated with certain kinds or 
material there might be a change in the insulation resistance 
before and after the voltage test, but in the case of saturated- 
paper-insulated cables, when tested at from two and a halt 
to three times* the working pressure, the insulation resistance 
test made after the application of high voltage would be practi¬ 
cally the same as that made before, provided the temperature 
of the cable has not changed during the application of high 
voltage. This may occur if the high-voltage test lasts for halt 

'an hour. , „ T . 

Chester L. Dawes and W. I. Middleton: In each of the in¬ 
stances cited the insulations were thirty per cent rubber com¬ 
pounds. The insulations that show such decided drops m 
resistance were low-voltage compounds not designed for the 
voltages to which they were subjected. Consequently, they 
were overstressed. On the other hand, the insulations which 
showed little or no drop in resistance were made of our high- 
tension compounds, designed to withstand high voltages without 
becoming overstressed. Both contain the same proportion ot 
Para rubber (30 per cent), but the different characteristics are 
due entirely to the proportionate amounts of mineral ingredients 

added. . . . ^ . £ 

Clayton H. Sharp: It seems to me it is very important, tor 

the general utilization of the details Mr. Minton has developed, 
to have certain means of exciting the tubes. Mr. Minton refers 
to a number of means in his paper. I think if we could hear a 
little more of the most practical way of doing it that it might be 
interesting. 
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C. W. Davis: The loss.of energy in the dielectric is, as Mr. 
Minton has said, an exceedingly important matter and knowledge 
of it is necessary for the proper use of insulating materials. There 
are so many factors entering into the problem of insulation that 
this , particular factor, viz., energy loss, may, and sometimes does, 
receive undue weight. Enough is known of insulating materials 
at the present time to permit of the selection of insulating ma¬ 
terials of low energy loss which are more or less suitable for any 
given purpose. To find the material that is exactly suitable is 
a different problem and the material which is exactly suitable 
under one set of conditions is anything but suitable under another. 
It is doubtful if there is any one material that will answer in the 
fullest degree all of the requirements, even in a relatively limited 
field of manufacture such as high-voltage cables. A cable that 
is laid in winter has very different demands upon the insulation 
than one laid, in summer. A cable required for operation in very 
hot ducts will have to operate on a different portion of the 
temperature-energy loss curve than a cable laid under water. 
Material of relatively high energy loss may at times be the only 
logical selection where some other desirable physical character¬ 
istic becomes the controlling factor. 

It is not obvious from reading the description of the improved 
form.of Professor Ryan’s power-factor indicator and the method 
of using it, why Mr. Minton should have preferred this method 
to that of the electrostatic wattmeter. To be sure, the latter is 
more or less troublesome to handle. However,- it would appear 
to require much less space than the apparatus here described. 
An additional advantage of the electrometer is that it is direct 
reading.. It is possible, to build electrostatic instruments for 
measuring small losses in insulating materials which with air 
insulation at atmospheric pressure can be used in measurements 
up to 20,000 volts. With compressed air or gas as suggested by 
Rayner, and used by Tschernyschoff (. E.T.Z . June 4, 1914,’ 
page 656), or with oil insulation, the measurements may be made 
at much greater voltages. Even low-voltage electrometers may 
be used with air condensers as potential dividers and while more 
troublesome are perhaps justifiable where more accurate results 
are desired. Besides, it would seem possible by superimposing 
an electric field upon the moving element, in the manner used by 
SSC ? e n i theconden ser terminal, to so largely reduce the stress 
at the edge of the needle as to overcome the difficulty from corona 
though the consequent loss of pull on the needle would have to 
be compensated for by largely increased sensitivity. 

Bridge methods have also been used with success up to 10,000 
or 20,000 volts. Monash (Annalen der Physik , Vol. 22, 1907- 
page 905), succeeded in using a series bridge method success¬ 
fully tip to .12,000 volts. But the difficulties met with by 
Monash at high voltages are very considerably reduced in other 
bridge arrangements. 

In the laboratories of the company with which the writer is 
* Trans. A. 1,11 1913, Vol. XXXII, Part I, p. 893. --- 



1915 ] 


DISCUSSION AT DEER PARK 


1689 


connected we have made use of bridge methods for examining 
insulating materials for a number of years past (Trans. 

A. I. E. E. 1907, Vol. XXVI, Part II, page 997), and more 
recently have made use of the Rowland dynamometer up o 
100 000 volts and the electrostatic wattmeter up to 20,000 volts 
for ’measurements of the same general type as described by 

M Thepecrdiar behavior of insulating material such as that noted 
in Fig. 21 of Mr. Minton’s paper has been noted by us withoil- 
impregnated paper in one or two instances. _ The falling off ot 
power factor with increased stress, however, is much less marked 
than with the material here referred to. The decrease of power fac¬ 
tor with increasing stress was, however, as m Fig. 21, more m 
at high temperatures than at low temperatures. So exceptional 
were these results that we have felt inclined to suspend judg¬ 
ment as to their credibility until we received further evidence. 
Mr. Minton’s confirmatory results are therefore of much m- 

tei John P. Minton: In regard to Messrs. Fisher’andjAtkinson s 
discussion, they have taken up a number of examples that I 
intended to give, but neglected to do so on account of the lengt 
of the paper and the amount of material I had to present. 1 
am glad, however, that these things have been brought up in 
connection with this discussion. They refer to the amount of 
moisture that an insulator contains, and I believe say that 
the results are more or less arbitrary, depending on the actual 
moisture present. The moisture I have dealt with m the paper 
is free moisture and not combined. You can eliminate the 
combined moisture by heating to a sufficiently high temperature 
to cause charring effects. That part of the moisture I h v 
considered at all, simply the free moisture which_ exists m the 
insulation, and which was determined with sufficient _ accura y 
as described in the paper. Messrs. Fisher and Atkinson also 
referred to some results they had at 30 and 60 cycles. Resul 
I have taken from 30 to 420 cycles show some very interesting 
facts. Later I hope to be able to publish some of these results. 

Mr. Dawes said that I apparently underestimated the im 
portance of steady potential effects. These effects I have not 
gone into in the paper, because the a-c phenomena are far m 
excess of any d-c. effects that I noticed. I do not wish any- 
' body to think we have underestimated anything whatever, be 
cause my experience has taught me not to underestimate any 
phenomena until they have been subjected to test._ 

Mr. Peek referred to the mechanism of dielectric conduction, 
the effects of frequency, and breakdown voltage, etc. Ihese 
effects I have gone into, but on account of the length of the 
paper I left them out, hoping some one else would bring them 
up The results that I have, showing the influence of frequency, 
however, will bring out certain effects which Mr. Peek spoke 
of as to the combination of capacities and resistances, and will 
also bring out the effect to which Mr. Dawes referred. 
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Mr. Fortescue inquired about the deflection being directly 
proportional to the voltage for the current deflection. He 

speaks of it as a velocity deflection. 
That is what Mr. Ryan referred to 
in his first paper in 1911. What I 
have called the current condensers he 
called velocity condensers. The way 
that comes about is this. Referring 
to Fig. 2, herewith, the instantaneous 
voltage, e, applied to the system is e 
— E sin c ot. The instantaneous cur¬ 
rent passing through the current 
condensers is i = I sin (cot + d ). Now 

= I<*> cos (cot + d ), and the voltage, e C) across the air 

current condensers is proportional to and in phase with this 
rate of change i . The deflection of the cathode ray stream is 

equal to some constant multiplied by e c or by For this 

at 

reason Prof. Ryan has called velocity deflection and velocity 
condensers what I have called current deflection and current 
condensers. 

He also refers to the square law as not necessarily something 
to be accepted. I have referred to that in my paper, and have 
taken it up quite fully, so that anybody should be able to appre¬ 
ciate the conditions under which we are working. It is not nec¬ 
essary, then, to explain that any more. 

Mr. Arsem suggested the necessity of getting data on pure 
materials, with different thicknesses, and has also referred to 
the various theories that have been proposed. These theories 
I do not wish to consider at this time, because I do not wish 
to suggest any theory until I have a sufficient amount of data 
on which to base it. The results on pure materials are very 
necessary, but for the present the manufacturers and engineers 
desire results on actual materials used. 

I do not think it is necessary to amplify or make any remarks 
in connection with Prof. Ryan’s statements. I appreciate all 
of them even more than most people do. 

* Dr. Sharp has asked about the most practical way of exciting 
the tubes. The most practical way, so far as I know, is the 
method I have been using. This is a mechanical commutator 
which rectifies the peaks of the waves. I have used the com¬ 
mutator up to 30,000 volts—it is a small commutator made of 
fiber, with short brass segments at four equal points on the 
perimeter. That has not given me any trouble whatsoever, 
and it takes only a few seconds to start the tube. It is a simple 
and a convenient thing to use. I look favorably upon the 
kenotron developed by Dr. Dushman, but I have not had a 
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CLASS RATES FOR LIGHT AND POWER SYSTEMS OR 

TERRITORIES 


BY FRANK G. BAUM 
Abstract of Paper 

The author offers arguments in support of the principle of 
establishing uniform rates throughout a system or territory for 
different classes of service. In establishing the rates he segre¬ 
gates the services into eight different classes and divides the 
rates into energy and demand charges; the energy charges 
being those charges which increase with the kilowatt-hours 
supply and the demand charges being proportional to the peak 
demands of the different classes. 

By establishing similar rates for similar services throughout 
a territory any appearance of discrimination is avoided and a 
sliding scale of rates will take care of quantity consumption. 

I N analyzing the load of a large system into classes we try 
to determine the relative facilities demanded by the different 
classes as a whole. In doing this we try to consider all the 
classes of the system as though each class were supplied as a 
whole from a common substation busbar through one kilo-r 
watt-hour meter and one demand meter, for each class as shown 
in Fig. 1, which is presumed to be the condition for the loads 
of the six classes shown in Fig. 2. 

Analysis into Classes 

An examination of the load curve of a power system and a 
comparison of this curve with the load curves of the different 
substations shows at once that there is often no relation be¬ 
tween the system load curve and the substation load curve. 
The reason is, of course, because the system load curve reflects 
at each time of day the characteristic demands of the system 
as a whole, while the local load curve measures only the char¬ 
acteristic of the particular town or industries being supplied 
by the substation. The two characteristics may be quite dif¬ 
ferent. 

If, however, instead of comparing the load at each substation 
• with the system load curve, we analyze the system and the 
local load curves into “classes of service, 7 ’ we see at once an 
interesting and definite relation between the load curves of 
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certain classes of business in all districts. See Fig. 4 for class 
1 and 2 demands in cities of different size. In the power classes 
the same general similarity is noted for a given class of consumers. 

The characteristic loads on a large system may be segregated 
into several large classes; and if these classes of service are then 
present in any given town or supplied from any given sub¬ 
station it will be at once apparent. In Fig. 2 is given a character¬ 
istic “system” load curve and in the same figure are shown the 
load curves of certain classes of business. The principal classes 
of business on the system may be divided as follows: 

Class 1. Residence and peak lighting. This load comes on 
the system, reaches peak and drops off again in all towns and 
cities at about the same time. This class of service extends 
oyer about six hours per day and the load curve is quite defi¬ 
nite in character and practically the same over the entire 


Average Cost of Power on Bus Bar 0.75 
Ave. Cost of Power Class 0.533 Ave. Cost of Light Class 1.4 



Fig. 1—Analysis of Loads into Classes at Common Substation. 
Rates Shown for Conditions as per Fig. 2 


system, me peak of the load curve (marked Class 1) cover- 
mg about six hours shows this service. This service alm ost 
always determines not only the maximum peak load, but the 
time at which the peak occurs. The load factor can be pre¬ 
dicted between 15 and 20 per cent. 

Class 2. Commercial lighting and small power. If the sys 
tern load curve is broken up into two curves, one representing 
the power and the other the lighting (marked lighting and 
power m figure), and if, then, from the lighting curve we take the 
residence and street lighting, the remainder may be called the 

mTrTt 1 TTtf “ WiU “ ^ ***** anllmal 

motors on the lighting circuits, electric irons, cookers etc 
Tins curve (class 2) is also fairly definite for different towns 
Class 3. Street lighting. This load has also a definite 

777 7 taUati0 “ “ d is 

ent tCmnS ' Thls load can easily be measured directly 
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Fig. 2—Class Load Curves and Rates for Power for Different 
Classes at Substations 


Total to be earned inc. substation. 

Energy charge for fuel and storage water at 0.1c 


$450,000 

60,000 


Total fixed charge. 


$390,000 


This charge equally divided per proportion maximum demand as follows: 


Class 

2 & 3... 

Peak 

. 3650 

. 3650 

Fixed 
charge 
$ 97,500 
97,500 

Million 

kw-hr. 

5 

10 

c. 

F.C. 

1.95 

0.975 

Total lt. class. 

. 7300 

195,000 

15 

Av. Lt. 1.3 

4 . 

. 3650 

97,500 

15 

0.65 

5 & 6. 

.... 3650 

97,500 

30 

0.325 

Total pr. class. 

.. 7300 

195,000 

45 

0.433 

Total all classes. 


$390,000 

60 

0.65 


Total c 
kw-hr. 
2.05 
1.075 

Av. Lt. 1.4 
0.75 
0.425 

Av. Lt. 0.533 
Av. all 0.75 


Note: Rates are for power to secondaries of substation transformers. Segregation 
may be carried on same principle to any particular sub-class in the above mam classes. 

Note: The figures assumed for kw-hr. are taken to make problem simple f(^ illustration. 
Load factors for classes 5 and 6 are 20 to 30 per cent higher than usually■ obtamabie and 
hence rates for these classes are 20 to 30 per cent low compared to other classes. 
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and gives almost a constant load from dark to daylight. Class 3 
is shown at bottom of figure. 

Class 4. Day power. The system load curve, or the load 
curve of the power load, shows a very definite increase in load 
starting about 6 a. m. and rising to a maximum about 10a m’ 
dropping between 12 noon and 1 p. m„ rising again to a maxi¬ 
mum m the afternoon and dropping off about 6 p. m This is 
the industrial power representing the motor loads in factories, 
machine shops etc. The load is quite definite each day (ex- 

:r § T S r d r y) / nd f aS characteristic as the evening lighting 

?n t L n J> hlS l0ad 13 3 0Wn by ClaSS 4 in the ure ; load factor 
oU to 40 per cent. 

JJfl 5 ’ Da > r /nd night power. This load represents the 
service to cement plants, dredgers, mines, etc., and includes all 
those users for which the load is quite constant. This load is 

The ^^ — 

Ckss 6. Railway power. This load corye is qm te „„i form 

for a general street railway system and can be determined 

tbe I “ d ,s Iar « e “d separate records are kept 

T hr ln a P + The l0ad CUrVe 15 ?hown and mailed class 6 
The load factor is usually about 55 per cent. 

fall and 1 ?f ngatl ° n - This load depends on the lack of rain¬ 
fall and on the season of the year. And as these are fairlv 
uniform over a lame area th* ■ i. rainy 

season TVn'o i d & ’ the Ioad 1S characteristic of the 

earl-T fan ! a 1 usually the time from late spring to 

In d h U d hSnCe dlfterS from the above six classes This 
detected tSt be ® ite definitely 

:^e d off 

faltoad ofteTctof t“eTt^ 

hence this load partiallv h„+ + • lm £ a t 10n service, and 

irrigation season. Thi ltdtLt ' 7 ' COmeS before 

on rural circuits and I f ’ k + th ? imgatl0n l° ad > » generally 
load is generally repaired .o '1 T 
seasonal and is not shown in the figure. 18 

have determined thlfolVcIrlf of fhf laTt and assume ^ 
is, irrigation and reclame tin-n^ a f u 1 * tW0 classes (that 
liven time, from ttTotToa“ 7 
have a load curve such a q ot,™ v u the System; we tben 
representing the total load of the tstLttt” “ 
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This gives the total amount to be earned by all classes and 
it is desired to proportion these charges equitably to the six 
classes shown in Pigs. 1 and 2. In order to simplify the prob¬ 
lem, we have combined classes 5 and 6 and classes 2 and 3 in 
the calculations in Fig. 2, and will assume that the lighting class 
has a total demand of 7,300 kw., and this is divided equally 
between class 1 and classes 2 and 3. Similarly the power class 
has a peak demand of 7,300 kw. and this is again equally divided 
between class 4 and classes 5 and 6 combined. The kilowatt- 
hours consumed by each class is shown in Fig. 2 and the demand 
and time of demand of each class is also shown. 

Before we can proceed to find the rates to be charged the 
different classes we must determine what is the demand and 
what is the energy charge. 


Energy and 'Demand Charges 

It is believed business will develop most naturally if energy 
and demand charges are divided as nearly possible in response 
to natural normal costs, and that the business of the various 
classes will develop most naturally if each class is made to bear 
its fair share of costs, having due regard for the fact that as a 
matter of policy it should be remembered that the low class 
power business promotes industrial and agricultural activity 
and tends to build up a stable and prosperous community, and 
hence also increases the lighting business indirectly. 

Energy charges should only include those items that increase 
the cost to the company as kilowatt-hours are increased. Clearly 
for a water-power plant depending on the natural flow of the 
stream, all charges are fixed and are demand charges. For a 
steam plant energy charges are those charges that go to pur¬ 
chase fuel and water for the steam plant. For a water-power 
plant with steam reserve, or its equivalent storage water, the 
cost cf the fuel for the steam reserve plant and the cost of the 

storage water are energy charges. All other charges are de¬ 
mand charges. 

We have then the two important factors to determine rates: 

u-i f” 6Igy chsrges are those charges that inci ease with the 
kilowatt-hours supplied to the system; that is, fuel cost for steam 
reserve pknt and storage water cost for water-power plant. 

■ 7 a De “ an i d Charg6£ are aU other charges to substation; that 
d f Charg6S are aU char S es necessary to bring the sys¬ 
tem up to frequency and voltage and include all interest, de- 



1915] 


BAUM: CLASS RATES 


1699 


preciation, maintenance and all operating expenses occasioned 
by demand. 

It is seen then that energy charges are merely those charges 
that are necessary to maintain frequency and voltage to give 
service after the no-load and demand charges are accounted 
for to demand charges. 

Energy charges will vary, therefore, from zero for the water¬ 
power plant without storage cost, to the fuel cost of the energy 
produced by a steam plant. The items to be charged to energy 
are so simple that there can be no controversy as to what should 
be charged to energy and what should be charged to demand 
in any given case. 

For the example shown in Fig. 2 it is assumed^ that the com¬ 
pany has invested money in water storage to carry the load 
through the short water period. It may have invested say 
$500,000 for this storage and this must earn 12 per cent or $60,000 
per year. Now this storage water is used by the different classes 
in proportion to the kilowatt-hours of the classes and should 
be so charged. All classes use 60,000,000 kw-hr. so we have 
an energy charge of 0.1 cent per kw-hr. to each class. Sub¬ 
tracting this $60,000 from the $450,000, the total amount to 
be earned, we have $390,000 demand charges. 

Now this $390,000 should be divided proportionately to 
demand (see Fig. 4) among the classes. The best way to see 
that this is correct is to assume that one or more of the classes 
is not on the system and see what relative part of this demand 
cost remains. Suppose we have no power consumers, then the 
peak load of the system will be 7300 kw., the same as the 
lighting peak, instead of 11,000 kw., the total peak when both 
classes of consumers are on the system. We could therefore 
have a station with a peak plant capacity of 10,000 kw. instead 
of 15,000 kw. actual when both power and light consumers are 
on the system. That is, we would have a saving in plant in¬ 
vestment if we were serving only light. Now assume we have 
no light consumers and you at once see that the results as to 
plant capacity is the same. In other words, the same invest¬ 
ment and operating expenses, except storage water, would be 
required for the power consumers as for the lighting consumers. 

Instead of each class supporting a station capacity of 10,000 
kw., the two classes when combined on one system only need 
support a station capacity of 15,000 kw. This is due to the 
diversity factor, that is, to the difference of time of peak of the 
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two Classes, and shows the advantage to consumers of develop- 
mg both classes of business. This was illustrated in a number 

n + T? yS » m / my r PreVi0US Pap6r ° n “ The Best Contro1 of Public 
Utilities (see Jan. 1915 Proceedings) . The equity of charging 

neavT er T’T” Hghting COnsumers in Proportion to 
peak demand is shown above and can be shown in a number of 

other ways which need not be here given. 

Similarly the demand charges of the different lighting and 

p wer classes are divided m proportion to peak of the class 

The total charges should be divided in any given case, first 

between the light and power classes as follows: 

Light demand, charge = total demand charge X light peak 

light peak + power peak 


Power demand charge = 


light peak + power peak 


Each class demand charge is determined then by proportion of 

Tiffs Sl 0D 2 “ll d u mand t0 t0tal daSS demand as sh °wn inp ig- 2. 
Tf fh / 1 lUustrate the matter without further examples 

r^T 7 r the same - use «“ above fonnuJa for i: 
termimng demand charges to classes. 

yeir °SS\r “ USt pr0vide f0r stora S e ^ee months per 
of th h f ’ b0Ut one_fourth the total annual kilowatt-hours 
of the system must come from storage water, or its equivalent 

0 4 cmr^rLTfo f N 7 7 am reS6rVe P ° Wer COsts about 

naturallv^this « f ^ *7 Water at the Steam P lant and 
naturally this is a measure of the value of the storage water 

Kg e 2 entire 

stead of spending the money on water storage it may be 

In the above case, instead of installing 15,000 kw in the 
££?'<£, r ■‘"f 0nl7 10 ' 000 “ water power 

that the tot 1 -fi j W -L in tbe steam res erve plant. Ass umi ng 
that the total fixed charges are the same, Pig. 2 applies to this 
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case if the energy charge for fuel and water is 0.4 cent per 
kw-hr. and we produce one-fourth the total kilowatts by means 
of the steam plant. 

Fig. 3 shows the relative rates to the different classes with 



Fig. 3—Class Rates at Substations as Varied by Energy Charge 


Peak demand of four large classes equal. 

Total yearly charge $450,000. 

Energy charge varies from 0 to 0.75c. per kw-hr. 

Class Kw-hr. at Substation 


1 

2 & 3 
4 

5 & 6 


5 

10 

15 

30 


million 


Equation 


of straight lines: 

y = total rate, x — energy charge in cents 
_ 45,000,000 c. — 60.000,000 x + ^ 
y ~ 4 X class kw-hr. 1 


per 


kw-hr. 


For class kw-hr. = 5,000,000 we have: 

45,000,000 c- 60,000,000 x . , r 
y ~ 4 X 5,000,000 4 X 5,000,000 X + * 


2.25c. - 2x 


Note: The figures assumed for kw-hr. are taken to make problem simple for illustration . 
Load factors for classes 5 and 6 are 20 to 30 per cent higher than usually obtainable and 
hence rates for these classes are 20 to 30 per cent low compared to other classes. 


total yearly charges constant, but varying energy charge, and 
shows the importance of proper relative rates for the particular 
conditions. Instead of a water-power plant we may have a 
15,000-kw. steam plant costing say $1,400,000. Fixed charges 
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would be say 15 per cent or $210,000 and energy charges at 
0.4 cent per kw-hr.: 


0.4 cent X 60,000,000 kw-hr. $240,000.00 

Fixed charges. 210,000.00 

Total. $450,000.00 


If this is the condition, then the relative rates of power for 
the different classes are to be taken along the vertical line of 
0.4 cent energy charge shown in Fig. 3. • 

Figs. 2 and 3 show it is not equitable to charge the same per 
kilowatt-hour to all classes; in fact it is clearly shown that dis¬ 
crimination will result from such a practise to the detriment 
of the power business generally, with the result that the entire 
business will suffer and the lighting rates must increase because 
the power business will not develop. It is also shown by Fig. 3 
that relative rates, to be equitable, must be determined for 
the actual energy charge for the system. 

Having determined the amount of the energy charge E and 
having the total amount T to be earned by the system to the 
substations, the demand charge is D = T — E. 

This demand charge D is then proportionately charged to 
the several classes as shown in Fig. 2. This gives T = D + E 
(total charge to any class equals the sum of demand and energy 
charge of class) for any given class up to the substation. 

This system of apportioning demand charges in proportion 
to the peak demand of classes develops largely automatically 
the relative “value of the service” to the different classes of 
consumers. The power consumer pays the same per 24-hour 
day per kilowatt demand as the lighting consumer. In other 
words the ‘value of the service” of a kilowatt demand is worth 
practically a fixed amount per year to all users, independent of 
the length of time it is used. That this is fair and scientific 
has been shown, and the application of the system produces 
relative rates (see Figs. 1, 2 and 3) which will develop the 
business. With relative rates between classes determined as 
shown herein, the occasions for making special cases will be 
the exception, rather than the rule, as at present. Most busi¬ 
ness will fall naturally into the general classes. 

# determine finally the total cost to consumers for any 
given class we must know the cost of service for each class from 
the substation to consumers. This would require that separate 
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accounts be kept by classes for the entire system. Records of 
demands and kilowatt-hours consumed by different classes 
would also have to be kept. Where power and light are on the 
same circuit the load curve must be analysed as in Fig. 2 to 
get at the proportional charges. 

Fig. 3 brings out very clearly the relation of the relative cost 
of power at substation for various classes of consumers for 
varying energy charge. 

If there is no encouragement to develop water-power energy, 
charges must be taken under steam plant conditions, that is at 
about 0.3 to 0.5 cent per kw-hr. If relative rates are taken 
under water-power conditions then encouragement must be 
given to develop hydroelectric rather than steam power. If 
we offer 8 per cent to the company that develops steam power 
we should offer more than 8 per cent to the company that de¬ 
velops water-power. Otherwise it is plainly evident that for 
the same interest return there will be little water power develop¬ 
ment. The largest rate of return should be for investment 
in storage water, as the public obtains, in addition to the general 
benefits from the water power development, large indirect 
benefits from storage water, due to the fact that the stored 
water becomes available for irrigation, and increases the low 
water flow of navigable streams. 

It is believed the above method of determining demand and 
energy charges is correct and it is also believed that if each class 
of consumer is made to bear his equitable cost that we naturally 
and automatically bring the “value of the service” into account. 
Rates so determined will naturally develop all normal business. 
There will be cases where special inducements must be made 
to get the business even if it does not earn 8 per cent on the 
investment, as pointed out in my previous paper on “The Best 
Control of Public Utilities.” Some other business must make 
up the difference. 

There are greater differences in cost of service' in different 
sections of a single city for the same class of service than there 
are between cities of the same class in one large system. In 
a city the grocer and butcher do not vary charges by distance 
of delivery. That would breed all kinds of trouble. Similarly, 
electric service of a certain class should be standard through¬ 
out a city, even though the cost for energy and investment 
may vary 10 to 30 per cent. A uniform rate is essential Tor 
simplicity and to avoid any appearance of discrimination. 
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Wherever the general rules for connections and service apply 
to a cit 3 ^ the charge should be the same for the same class of 
sendee. Underground and overhead will have different sched¬ 
ules of charges and there will be different schedules for different 
classes of light service as well as different class of power service. 

It is believed to be as essential to carry this principle over 
the entire system. The overhead residence lighting service of 
towns throughout California, except perhaps the large cities 
like San Francisco and Los Angeles, is nearly enough the same 
to warrant a uniform rate. The same is true for other classes 
of service. 



Some axioms or general principles will at once be evident 
as has already been pointed out, as a result of a study of the 
system and system power curves. 

Similar service in different communities should be char ged 
or at the same rate. For example, residence lighting in Sacra¬ 
mento and Stockton should have the same scale of rates—ex- 
cep as local costs of overhead and underground distribution 
may vary, or where natural conditions or competition may ha ve 

Hpbt^ T ?Ual C ° nditi0ns - And dt is believed that residence 
lighting in these cities, as well as such towns as Chico, Marys- 
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ville, Woodland, Santa Rosa, Petaluma and San Rafael, should 
have one scale for overhead distribution and one for under¬ 
ground. Rather than have a large number of different scales 
with slight differences it is believed it will be better to have a 
uniform scale. A sliding scale would take care of quantity 
consumption. 

Similarly, a farmer pumping water for irrigation with a 20- 
h.p. motor near Woodland should have the same rate as a farmer 
requiring the same service near Marysville. A machine shop 
in Richmond using a 50-h.p. motor should have the same rate 
as one in Antioch, etc., etc. 

The same is true of all classes of consumers. It is believed 
it is better for all concerned to have uniform average class rates 
with a sliding scale than a large number of different rates for 
each class 

Inquiry into rates then would take the line of investigation 
of deter minin g the “class rate” for the entire system, and 
would not take each town or district supplied from a substation 
and fix rates in that district for the entire class. As time goes 
on the diff erent districts will merge together and differences m 
rates must in the end be done away with. 

An inquiry into the lighting rate in Oakland and Berkeley, 
for e xam ple, might lead to a different rate for lighting on the 
same street. This is of course absurd. Similarly a foundry 
in Sacramento on one side of a street should have the same rate 
as that on the other side, if their service requirements are the 
same It makes no difference if the two foundries are served 

by different companies. _ 

In other words, rates would be investigated and fixe y 
classes to correspond to the judgment of the rate fixing body 
as to what is the proper rate for that class when considering the 
class of service, the different costs to different companies to 
supply that service, and the general question as to whether the 
particular industry of the class tends to develop other business 
and make for a prosperous community or state. 

Inquiry into the reasonableness of railroad rates, does not 
lead to the inquiry as to rates for all classes of service to and 
out of a city or town, but inquiry must necessarily question 
the reasonableness of certain classes of service.. 

Further, class rates worked out for an entire system will 
necessarily be more stable than where worked out locally. 
Rates would then not change because a new substation or dis- 
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tribution system was installed at some local point, but rates 
would be determined for the entire system’s investment and 
operating conditions. Necessarily the variation in an entire 
system’s condition is small. 

The passenger rate to Sacramento is the same over the South¬ 
ern Pacific or Western Pacific Railroad, although the latter is 
longer and costs more; the railroad rate does not vary to Sacra¬ 
mento because a new bridge is erected or because new ties or 
rails are laid, or because a more economical locomotive or more 
expensive coach is used, or because a new depot is erected at 
Oakland. Rates made to vary with these items would be ab¬ 
surdly changeable. The rate from Sacramento to Summit on 
the Southern Pacific is the same as the rate down from Summit, 
although in one case it requires oil to haul the train and in the 
other it coasts most of the way. The fare on a street railway 
is the same to the end of the line as for a shorter distance. 

The entire power and distributing system can be maintained 
at a standard service condition while individual units or sections 
may vary in condition quite materially. It is not economy to 
maintain all the units at a uniform standard. The variations 
in condition over an entire system will be negligible when con¬ 
sidering any given class rate, while locally there may be quite 
a wide variation at different times. 

I am certain there is no more reason for having different 
scales for the same electric service in Napa, Petaluma, Santa Rosa 
or San Rafael because of different states of newness of the 
distribution system, than there would be for the Southern 
Pacific Company to vary the railroad rates between these 
towns because it renewed the ballast, or ties, or rails on certain 
sections of the track, or operated a more or less economical 
engine, or because one or more of the towns had more or less 
new depots. The variations in rate would be ridiculous for 
these reasons. 

Uniform Class Rates for a System or Territory 

Uniform class rates for an electric light and power system 
or territory are advisable where one commission regulates rates. 

The above applies where the rate must be fixed for a city 
town or district.. Where the rate regulation for the entire sys- 
tem or territory is in the hands of one body, much better results 
be obtained by considering the system as a whole I 
beheve the necessity for uniform class rates is so great that I 
shall go into the matter in some detail. 
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Before the time of electric transmission the electric business 
was practically confined to the lighting business. In small 
towns the local steam plants supplying the lighting usually 
operated from about 5 p. m. to about midnight. In larger cities 
the plants operated during the entire 24 hours. Very little 
power business was done, with the result that the main business 
was done during the lighting hours. 

None of these early electric companies were very prosperous, 
the main reason being the limited earnings due to the limited 
use of the plant, that is, to the low load factor of the lighting 
business, usually from 10 per cent to 20 per cent. 

With the advent of electric transmission from the water 
power plants the managers of these properties, seeing the in¬ 
vestment idle or without load during most of the day, and 
interest and maintenance charges and operation costs being 
practically fixed, independent of the load, began to look around 
for some business. Day load was sought and low rates had to 
be offered in order' to induce the factories having steam engines 
to discard these and purchase electric motors and electric power. 
The success of the electric motor and electric transmission of 
power are responsible for the large economic gain obtained as 
a result of this change of the individual power plant to the 
universal electric power system. 

It is the factory load that has made a financial success of 
electric transmission. I believe that the economic gain to the 
country due to electric power is only comparable to the gain 
as a result of railway transportation and the gain due to modem 
systems of agriculture. We have in California many com¬ 
munities which owe their beginning and development largely 
to electric transmission. It is, therefore, important that the 
reason for various costs of service on different classes of electric 
business under the conditions be thoroughly understood. 

There have been considered class rates applied to each city 
or district of a system. This method is necessary where the 
regulation of rates is controlled by local bodies, or a local com¬ 
pany supplies the service. With the passage of the constitu¬ 
tional amendment placing all cities under the commission in 
California, a much more logical and satisfactory system of rates 
will result by considering rates for a given class for an entire 
system or territory for similar service. This will not only be 
more just to different classes of consumers, but immeasurably 
simpler in application. 
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In regulating rates for the different consumers in a city it 
has been found best and necessary to make uniform rates in¬ 
dependent of the difference in cost due to different distances 
from the central station to the consumer. It has also been 
found advisable by the California commission (and I believe 
the principle necessary in practise under the conditions) to dis¬ 
regard the small variation in transmission costs and assume 
uniform power costs independent of distance from the power 
source. It is only a short step to a consideration of a uniform 
rate for similar class of service throughout a system or territory. 

Why should the residence lighting rate in such towns as Chico, 
Marysville, Woodland, San Rafael, Santa Rosa, Napa or Peta¬ 
luma be different for overhead service or for underground service ? 
And why should Chico’s rate be high this year, Woodland’s 
low and Petaluma’s lower because perhaps the distribution sys¬ 
tem is new in Chico, a few years old in Woodland and a little 
older in Petaluma? In a few years the conditions may be 
reversed but rates could probably not be raised. Is it not 
better to determine average rates for the entire system for this 
class of service and apply it in all these cities? The distribu¬ 
tion systems are all being maintained at the most advantageous 
point for economy as a whole and the service is constant. 

And why should the service charge in one city be reduced 
because a more economical turbine is installed in that city and 
increased for the wasteful engine allowed to remain in another? 
Why should the rate be reduced for the company having an effi¬ 
cient organization and economical construction, and raised for 
the company having an inefficient organization and wasteful 
construction? 

The principle is incorrect and must lead inevitably to failure. 
On the other hand, apply uniform class rates for certain kinds 
of. service, independent of the particular town or consumer 
being served and independent of which company gives the 
service, and we immediately have an incentive for the company 
to make economies and to reduce cost of construction. For, 
if the charge for a given class of service in a given district is 
fixed, the company having the lowest costs will benefit most, 
and vice versa. This principle is vital for economy and success. 

The characteristics of residence lighting (varying for over¬ 
head or underground service) are nearly enough the same to 
make the rate uniform, and a sliding scale of rates will take 
account of quantity consumption variation of rate to the in- 
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dividual consumer. The same is true for street lighting and 
commercial lighting. Similarly the characteristics of industrial 
or day power are nearly enough the same to apply one sliding 
scale of rates throughout the entire district covered by the sys¬ 
tem. The same is true for railway and 24-hour power. 

And naturally the rates for a given class of service should 
be nearly the same throughout fairly well settled parts of Cali¬ 
fornia where the service is available. 

If a consumer requires an investment to give him service not 
covered by the general rules, he should pay the difference neces¬ 
sary to bring his case within the rules. Then his cost of service 
would be the same as other users in his class. Irrigation and 
reclamation rates should also be uniform except for extraordinary 
initial costs to supply the consumer and these the consumer 
should pay. 

To get the lowest rates for all classes it will be necessary to 
take on some classes of business that may pay only a small 
percentage on the investment. This is at once evident, as has 
been shown, by examining the system load curve. If we could 
sell the surplus power available from 12 p.m. to 6 a.m., even 
if sold for less than one-half a cent per kilowatt-hour, the earn¬ 
ings of this period would be nearly all profit, that is, it would 
subtract nearly that amount from the other consumers. Practi¬ 
cally the only cost of the service to the power company would 
be for oil if from a steam plant and for storage water, if needed, 
from a water power plant. 

Similarly, to sell day power it must be sold at less than it would 
cost the consumer to produce it, at the same time the company 
must earn part of its fixed charges and the tendency of the 
business taken on must be such as to reduce the general level 
of rates as the volume of business increases. 

The problem of finding the proper rates to be charged each 
class is a simple matter, as shown by Figs. 1, 2 and 3. We 
would first determine the total amount of fixed charges to be 
earned to the substations and proportion this amount to the 
light and power classes as given previously. We would then 
determine the amount of the peak demands of the different 
lighting classes and the power classes, the amount to be earned 
to the substation can be apportioned to the classes. Then, hav¬ 
ing a segregation by classes of the investment, maintenance, de¬ 
preciation and operation expenses (excluding oil or storage 
water) we can determine the amount to be earned for fixed 
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charges for each class for distribution, including the substation. 
Adding the cost up to the substation to the distribution costs 
and finally adding the energy charge, we determine the total 
charge against the class. We then divide this total amount to 
be earned by a class by the kilowatt-hours consumed by the 
class, as shown by the consumers’ meters, and we have the 
average kilowatt-hour charge for that class. It remains then 
only to determine the sliding scale of rates which will earn this 
average rate as determined, considering the quantity con¬ 
sumption of different consumers. 

The development of the small local electric company into the 
large company operating over a wide territory makes it neces¬ 
sary to discard the old practise of fixing rates for each local 
situation separately. This was necessary with local bodies 
fixing the rates, but a reasonable scale of rates can not be worked 
out for a large system without considering the entire system. 
■We may as well try to work out separately the railroad rates 
for the Southern Pacific and Union Pacific from San Francisco 
tc Oakland, from Oakland to Sacramento, from Sacramento 
to Ogden, from Ogden to Cheyenne, from Cheyenne to Omaha. 
The absurdity of this thing is apparent at once. We can not 
consider parts of an.entire machine and estimate its earning 
value independent of the other related parts. 

The electric system is a means of generating and transmitting 
power to a large number of consumers over a wide area. The 
system supplies energy for light to one class of consumers for 
one part of the day and energy for manufacturing, largely, dur¬ 
ing another part of the day, and the natural subdivisions of the 
business are found by a segregation of the total business into 
classes, just as has been found necessary in determining railroad 
rates. 

There is nothing experimental about it and the further de¬ 
velopment of the electric power system depends largely on the 
initiation of uniform class rates, for systems or territories where 
similar conditions exist. 

Advisability of Uniform Class Rates 

The advisability of determining class rates by considering 
the natural divisions of the classes of business rather than 
considering the more artificial division into territories or towns 
served by certain substations will be admitted by anyone making 
an impartial study of the situation. 



1915] 


BAUM: CLASS RATES 


1711 


By considering the local situation in a town or district the 
tendency will be to largely disregard the effects of the local 
situation on the remainder of the system. This method ac¬ 
centuates the “ cost of service ” and practically ignores the 
“ value of the service ” or the “ reasonableness of the rate 
from the consumers’ standpoint. 

On the other hand, by considering the classes of business and 
trying to determine average class rates for the system, I think 
there will be a direct tendency to have the “ rate makers ” 
consider “ value of service ” and “ reasonableness of the rate ^ 
from the consumers’ standpoint. For in considering the “ class ” 
there must be always brought to mind the entire system, and 
this will naturally bring to the minds of 'the commissioners the 
effect of certain classes of business on the company as a whole, 
and will accentuate the necessity for giving low rates for a certain 
class of service, even though this class can only earn a part of 

tllC fi.X6d dlcLT"g6 

And inevitably, we can see that the application of class 
rates will lead further than this, for it is not a far step from the 
determination of average class rates for a system to a system 
of class rates which will make the rate for a given class of service 
the same even if the service is in Stockton, Sacramento or Oakland 
or anywhere in the territory, and even if supplied by different 
companies. And for the company that has done economical 
construction, has a good organization and operates at low cost 
this method must be to its advantage. 

Analyzing rates to and out of each substation must necessarily 
give different rates for the.same class of service to adjacent 
areas, (or in the same area where supplied by two companies) 
as the district lines are now largely imaginary and ultimately all 
districts will merge into one. And as stated above, in analyzing 
and fixing rates for the substation area, the natural basis of 
fixing rates is this “ cost of service,” leaving the “ value of ser¬ 
vice ” and the necessity of developing a general diversified 
business for the entire system (which tends to give the lowest 
cost to all consumers) largely unconsidered. 

On the other hand, analyzing and fixing rates by classes will 
tend to make rates uniform throughout the territory served 
(except for special cases where extra investment is necessary) 
independent of the town, district or company supplying the 
service. ' This must tend to fix the minds of the commissioners 
on the “value of the service” and the “reasonableness of the cost” 
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when considering other companies or from the consumers ’ 
standpoint. The necessity for considering other companies and 
their costs must result in rewarding the company having the 
lower costs. 

In analyzing rates, the substation, town or district is not 
the important or correct subdivision, but instead a certain rate 
applying to and developing a certain class of business is the im¬ 
portant thing to be analyzed. This naturally requires that the 
entire system be considered, and also consideration to be given 
to the effect of the rate in one class affecting the rate in another, 
and the effect of the rate on other companies and other localities 
must be kept in mind, all of which will benefit the economical 
company as it should. 

Hence there is brought continually to the mind of the investi¬ 
gator of rates, the necessity for developing certain classes of 
business as well as the cost of supplying the business. And as 
certain classes of business must be taken on at low rates (lower 
than will earn 8 per cent) this method of fixing rates will tend to 
accentuate and keep in mind the “ value of the service ” and 
the “ reasonableness of the rate” from the consumers’ standpoint. 

Analyzing and fixing rates by cities or districts is a relic of 
the time wiien different local companies owned the local system. 

ith a general system as a result of the transmission power, 
there is no more (and probably less) reason for considering the 
different towns separately than there is for considering each 
consumer in a tow r n separately, and making the rate vary as 
his distance from substations. The latter would add immeasur¬ 
ably to dissatisfaction and complications, and having different 
rates in different towns for the same service is as objectionable. 

Summarizing the advantages, average class rates for the entire 
system— 

„ (1) Will tend to have “ value of service ” and “ reasonableness 
of rate ” given consideration when fixing rates. 

(2) Will make one rate for entire district for one class and 
hence give advantage to company having the lowest cost. 

(3) W ill tend to reward the efficient company and hence tend 
to reduce costs of. service. 

(4) Will tend to allow constant service value of the property 
of the system as a whole. 

(5) Will very much simplify rate making. 

(6) Will remove the differences in rates which cause most 
dissatisfaction and cause most rate inquiries. 

(7) Will tend to make rates stable over a period of years. 
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On the other hand, analyzing costs to and from separate sub¬ 
stations, towns and districts— 

(1) Will tend to make “ cost of service ” control the rates. 

(2) Will give different rates in different towns and districts 
and will give higher rates to the company having higher costs. 

(3) Will penalize the company having lowest costs and hence 
tend to increase cost of service. 

(4) Will tend to make changeable local value of property the 
basis of return. 

(5) Will very much complicate rate making. 

(6) Will promote differences in rates which are the cause of 
most dissatisfaction and most rate inquiries. 

(7) Will make rates unstable .at all times. 

Conclusion 

The application of (uniform) class rates for a system or terri¬ 
tory will therefore tend (1) to make rates simple, fair and definite, 
(2) equitable as between classes of consumers, (3) uniform so 
as to make them standard for similar conditions, (4) tend to pro¬ 
duce economy in construction and operation, and hence, as a 
result of above, (5) rates will tend to be reduced as the volume of 
business increases. 
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Discussion on “ The Best Control of Public Utilities ” 
(Baum), San Francisco, Cal., January 22, 1915, and 
££ Class Rates for Light and Power Systems’or Terri¬ 
tories ” (Baum), Deer Park, Md., July 2, 1915. 

Discussion at San Francisco 

A. H. Babcock: The paper is an argunient for class rates 
in charging for electric service, e. g. t one set of class rates to apply 
to an entire power distribution system, regardless of local or 
competitive or geographical considerations; the rates in the 
different classes to be determined by, first, demand charges— 
that is, interest, maintenance, depreciation, operation and man¬ 
agement ; and, second, energy charges, which shall include only 
those items that are proportional to the kw-hr. output of the 
plant. The paper makes no attempt to determine the rates for 
the different classes, but merely is an argument in favor of class 
rates. In support of these arguments the author cites the 
different conditions under which passenger and freight rates 
are determined by a railroad company, and states that because 
of the great natural difference in the service rendered there is 
no confusion on the part of the public with reference to the 
justice or the equity in the differences found between those two 
generic classes of rates. 

The author ignores the existence of different class rates for 
freight transportation, and he overlooks, apparently, the very 
significant underlying reasons for the great variations in freight 
classification and rates. Apparently he bases his arguments 
for power rates on the hypothesis that certain capitalists have 
certain moneys to be invested for profit in a power transmission 
and distribution system; and that by some means or other a 
profit must be secured on this investment, whether or not the 
particular locality to be served is ready for such development 
and willing to receive it, or whether the plant is to be, or, in the 
case of an existing plant, has been, designed with due regard for 
the natural economies in engineering and construction. It 
would seem that a far more just determination of such class 
rates, and a much stronger presentation of the necessity for 
such class rates might have been advanced if the author had 
stated some of the principles upon which freight classification 
is determined and the rates for the transportation thereof fixed. 

In the first place, a freight rate is a price charged for changing 
the location of something, just as a manufacturer’s rate, whether 
he manufactures goods for sale or power for sale, is a price 
charged for changing the form of something. For useful purposes 
we must have things in the place where they can be used, as well 
as in the form they can be used; and whoever changes either the 
fomy or the place in this connection adds value to the article,- 
and is entitled to a profit for so doing. The power company in 
generating and distributing electricity does not change the energy 
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itself, but merely changes the form thereof; that is to say, water 
falling down hill, or oil burned under a boiler, is converted 
from mechanical or chemical into electrical energy; the power 
company changes the location of the energy by making it available 
for use at the point where the consumer desires to use it. Now, 
the consumer is not concerned in any way with the expense 
of making these transformations; he is concerned with only 
one thing, viz., the value of the energy to him at the point of 
consumption, and the value added to the energy in bringing it 
from the unusable form at the wrong place to a usable form 
in the right place is what determines the value of the service 
rendered by the public utilities; and the value of this service, 
not the cost of it, is the true measure of the price to be charged 
for it. 

Assume for the sake of argument that all electric power. is 
generated as a by-product from some other and major operation 
—the Los Angeles aqueduct, for example. This power is not 
valuable in any sense, that is to say, it is not usable by the 
manufacturer; it is not valuable to him personally,merely be¬ 
cause he cannot use it; but, if he can transport it to. places 
where it can be used, and supply it there in the form desired by 
different people, the value of his service and the price that he 
can charge for it are determined by its value and usefulness to 
the consumer. It is worth a certain amount to a railroad 
company for transportation, both of passengers and freight. 
It is worth a different amount to a chemical works where the 
load is constant throughout the twenty-four hours. It is worth 
a different figure to a lighting consumer, and worth still another 
figure to a small power consumer. If the author were connected 
with a public utility supplying power in Los Angeles,, where 
the aqueduct by-product is available, would selling prices, in 
competition with him, based on the cost of service, appeal to 
him? The manufacturer of this by-product can sell at only 
the price or prices that will develop “ eagerness and ability on 
the part of the consumer to purchase” his by-product, or he 
cannot sell it at all. In other words, the cost of the service 
does not enter at all into the determination of the rates he can 
charge. This principle is sometimes called charging “ what the 
traffic will bear,” but it is not; it is charging what the traffic 
can afford; and the difference between the two statements is' 
easily ascertainable. On the other hand, what the traffic can 
afford is just enough less than what that service is reasonably 
worth, so that a profit is left to the purchaser of the com¬ 
modity; in which event, if a profit is still left to the producer, 
men and capital will be induced to undertake such enterprises. 
If this profit to the manufacturer is not left, then the market is 
not yet ready for the enterprise. 

To take another illustration of the fallacy of basing rates 
exclusively on the cost of service: as a part of the original 
development of the Standard Electric Co., it was proposed 






to utilize the tail water from Electra for irrigation purposes in 
the. Sacramento Valley. Assume now that a company with 
capital sufficient for the enterprise could build such an irrigating 
system, legally, without interference with other water users 
along the Mokelumne River, and that this company should 
approach the author with a proposition to purchase the Electra 
tail water, by a diversion at the tail race, with no cost to the 
author’s clients. Would he recommend a sale of this water 
at the cost of service, or would he endeavor to estimate how 
much water the irrigation company could sell, at what prices 
the farmers could afford to purchase, what would be the over¬ 
head expense of the irrigation company; in short, would he 
endeavor to find how much this particular water traffic could 
afford? The answer is so easy that further discussion of it 
would be puerile. But the author of the paper contends that 
rates should be.based on the cost of service plus a profit. If so, 
what cost?—it is proper to inquire. 

There are at least two ways of thinking of the cost of a service 
first, that used by the author, which includes the demand 
charges and the energy charges, and therefore the entire cost; 
the second is the cost of those items that vary directly with the 
output of the plant, which is sometimes called the additional 
cost, or, to borrow a term from Acworth, the railroad economist, 
the out of pocket ” expense. The application of these two 
costs to the science, or art, as perhaps it' is better called, of 
rate making, can be easily seen by considering the very well 
known case of an 'established industry—a power generating 
and^ distributing system, for example—which is serving a given 
territory ; The cost of operation of this system would be covered 
by what is stated above as the entire cost. Let us assume, then, 
that as usual there is a large depression in the load curve during 
certain hours of the day, and that fortuitously a large consumer 
is found whose requirements for power will just about fill up 
this big depression. Obviously to take on this customer re¬ 
quires no more overhead expense, the fixed charges are not 
appreciably increased, and the only expense to the manufacturer 
by reason of this additional load is for those items -of his operating 
expense which vary with the kilowatt-hour output of the plant. * 
.Inis is the additional cost. Now, if the rate to this consumer 
is to be based on the cost of service, shall it be based on the entire 
cost per kilowatt-hour output of the plant, or shall it be based 
on the additional cost per kilowatt-hour covering this period 
of depression in the load curve? If the power company en¬ 
courages the purchase of such power, and, finding the business 
attractive, sells at the additional cost, will it not be accused of 
discrimination, and does it nqt stir up trouble for itself, the 
public arguing without discernment that if the power company 
can sell at this very low rate to one, it can equally well afford 
to sell at the same rate to all its consumers? In other words, 
will the public not demand that these same rates shall serve 
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as the basis for all rate making? Precisely the same argument 
applies to extensions from an existing plant into territory not 
now served, where the market is very limited at the present 
time,’ but where it may be expected to develop under proper 
treatment. As a matter, of fact the rate the power company 
will charge for such service may be a normal power rate, having 
the entire cost of the plant as its basis; or it may be a sub¬ 
normal rate, having only the additional cost of service as its 
basis. The particular rate that w T ill be chosen to cover such cases 
will depend on the value of the service to him who buys it. The 
additional cost evidently is the danger line below which an 
over-ambitious salesman must not drop under any conditions; 
and under certain conditions it may not be prudent to go even 
below the entire cost because of the tendency of the public to 
require comparison of rates regardless of conditions, and the 
danger that the regulating bodies may be compelled by political 
considerations to force rates elsewhere on the sub-normal basis 
when the normal rates are clearly justifiable. This consideration 
may often deter an enterprise from developing new territory. 

Certain communities, by reason of location convenient either to 
very low cost fuel supply, or to an abundant hydro-development, 
are so situated that only by quoting on the basis of the additional 
cost can attractive rates be made. It is evident here that the 
value of the service to the customer is what fixes the rate, and 
equally evident that this community is entitled to the lower rate 
its advantageous position secures to it. It is also evident that a 
power-transmission system . supplying this locality should be 
entitled to take business at the sub-normal rate of additional 
cost only, without being compelled unjustly to spread these 
same rates over its entire output regardless of local conditions. 
This argument, alone, seems to dispose effectually of the author’s 
contention for identical rates for a given class of service regard¬ 
less of geographical position. It is as unjust to expect the lighting 
rate shall be the same, for example, in all of the towns he has 
cited, as to expect that the lighting and power rates should 
be identical-in that same town, regardless of the different uses 
to which the energy is put, and consequently of the different 
values to the different customers. Power rates, then, to be 
reasonable, can no more be the same for the same service in 
different localities than can transcontinental freight rates 
from the Atlantic coast to Salt Lake be as low as to San Fran¬ 
cisco, and for precisely the same reasons. Community of 
interest, plus the natural physical advantages of one locality 
over another, is what causes bees to swarm, and men to con¬ 
gregate in cities. Such natural advantages are as immune from 
artificial or legislative interference as are the phases of the moon. 

Furthermore, the attempt to base power rates on the cost 
of service has been, in the opinion of many persons, the direct 
cause of much legislation against legitimate enterprises, they suf¬ 
fering with the illegitimate ones, which, by combination of large 
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blocks of water in the securities, have rolled up enormous fixed 
charges that have been assessed against the communities served. 
We have only^ ourselves to blame for much of the popular 
misunderstanding and hard feeling directed against us. 

The author’s paper is not an argument for any specific rates, 
but merely for the establishment of classes for rates to hold over 
the entire system. It is not proper, then, at this time to bring 
about a discussion of what constitutes reasonable rates under 
varying conditions, but in any such discussion and bearing 
directly upon it much can be learned by a study of the method 
of making freight classifications and freight rates as applied by 
the railroads. In considering this statement it should be 
remembered that the railroad industry is much older than the 
powder industry; that the art of rate making is the result of 
several generations of hard study and earnest efforts; and that 
the principles underlying the determination of power or freight 
rates must be the same, because they deal with the same thing, 
viz., the value added to something by changing its form or chang¬ 
ing its location. 

Based on this argument, it would seem that the author’s plea 
for class rates is just, for the reason that any average rate that 
might be considered fair would limit the use of electric power 
m many manufacturing establishments, because it would be 
too high; that is to say, the assumed value would not be the 
value to the consumer; while on the other hand, it would be 
much lower than the value of the same product to other con¬ 
sumers. It is not practicable to go to the other extreme, and 
make a special rate for every individual consumer; but it is 
possible to divide all consumers into certain classes. They may 
be more or less in number than the author has chosen, but 
within a^ class, a rate must be given that will encourage the use 
of electricity in that class, not only in the manufacture of those 
articles to which the use of electric power will add the most, but 
also to which it will add the least in value; the latter class being 
the one that will fix the rates to all kinds of manufacturing in 
that class (the word 11 manufacturing ” being here' used in the 
broad sense). In fixing the rate for any given class the power 
company will sometimes be obliged to put its rate below the 
entire cost and yet not so low as the additional cost, the result 
being a sub-normal rate, less than reasonable, but necessary 
on account of the conditions surrounding the enterprise, and 
justifiable only under those conditions. Under other conditions 
at the other end of the scale there will be found cases where the 
value of the service is sufficiently great, and the rate may exceed 
the entire cost of service, in which case it is a normal and a 
reasonable rate, fair and just to all concerned, although it may 
be higher than the rate for some other class of service, or even 
for the same class of sendee under other conditions. 

. These are precisely the conditions that determine the par¬ 
ticular rate charged for freight haulage by the railroads. The 
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arguments advanced herein, far from being original, are largely 
paraphrased from an admirable paper on the railroad rate 
question recently printed and distributed by the Railway Age 
Gazette. They are given here in the hope that some of those 
who' question their equity in freight rate making, but who 
understand them in power rate making, will come to see the 
close analogy between the two, and therefore will be able to 
judge justly; and to see that, after all is said and. done, the 
public utilities are all in one big family, and that it is as much 
our duty, as officials of such companies, to meet and to discuss 
'just such problems as these as to argue our engineering problems. 

Discussion at Deer Park 

William J. Norton: I think it is well for those of us who live 
in the East to realize that quite important strides have been made 
in California in rate making within the last year. The Cali¬ 
fornia Commission itself has probably gone further than any 
other commission in theoretical rate making. 

I believe that there are serious difficulties in attempting to 
apply pure theory to electric rates. Electric rates are compli¬ 
cated for many reasons. In the first place if we start to make 
rates on a pure cost of the service theory, such rates must be 
modified at the maximum end of the scale by reasons of policy, 
either on account of the pressure of public regulation which 
generally affects the maximum rate only, or from what the com¬ 
panies themselves consider as good public policy. On the other 
hand at the low end of the scale if we fix rates by a cost analysis 
we again find that we must modify the rate to be charged because 
in many instances the rates set by theory would not get the busi¬ 
ness. Again in building up our theoretical calculations for rate 
making, many arbitrary assumptions must be made that give us 
a result which is an average cost and not a real cost. Such a 
result may be used from year to year for comparative purposes 
but it is not practical as a direct method for rate making. 

Therefore, with the upper end of our average cost curve ad¬ 
justed by policy and the lower end modified by expediency, the 
rate makers’ particular duty is to adjust the curve between the 
two points and make the entire schedule logical, so that in the 
end we abandon our cost theory altogether. The most important 
thing in electric rate making at the present time, it seems to me, 
is to abandon the idea that practical electrical rates can be made 
as the result of pure mathematical calculations. The best result 
comes from studying each individual rate schedule, which upon 
examination we find to be the composite growth of both theory 
and practise generally developed during the time when little was 
known about diversity factor or load factor, and our first effort 
in adjusting such a rate schedule must be to make the rates 
simpler, not only so that the public may clearly understand them, 
but also so that they will be more easy for the companies to ad¬ 
minister. 
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Mr. Baum has not placed much stress upon this feature of 
rate making, but, as someone has said: “ Rate making is an 
art and not a theory/’ 


H. L. Wallau: The advantage of uniform rates for various 
municipalities fed from one large system, in contra-distinction to 
local rates in each, based on both general and specific investments 
required for the several localities is obvious, and its carrying out, 
good policy. Likewise the desirability of giving the same rates 
to similar classes of customers is self-evident. But if I under¬ 
stand the paper correctly, it is proposed to establish class rates 
on an average basis for the class, namely, a flat rate per kw-hr. 
If my interpretation is correct, then I take issue with the author. 
In my judgment a rate should always recognize load-factor, 
if it does not, it may result in a gradual building up of a large 

investment which would necessitate a rate-revision upward_a 

very difficult and from the public point of view a most reprehen¬ 
sible thing to do. While a plain meter rate with discount applied 
X a form rec °g nizes use, it does not recognize load factor 

A oO-kw. consumer using his load on an average of 360 hours per 
month is certainly entitled to a better rate than one who operates 
the same kind of installation, but makes a demand of 100 kw. 
with but half the hours of use. 


Mr. Baums method of computing fixed charges necessitates 
the separate metering of light and power in order that the fair 
return may be made on the total investment. Personally I 
prefer a schedule which applies to either or both, requiring but 
°l ■ P e ^ rs ( m most cases) and giving the consumer the 
benefit of the diversity between his lighting and power demand 
when jointly metered. 

P ur P°f s ’ th ® company with which I amaffil- 
^ S , but three schedules: (a) Wright demand schedule for 
residential consumers; (i) Wright demand schedule for small 
commercial lighting and power consumers below 5 kw. • (c) 
Hopkmson schedule. for consumers above 5 kw. and without 
unit as to ultimate size. The largest consumers on this schedule 
at present are of about 2000 kw. demand 

IriarfS/* th y e y? hedules . re c°gnizes the individual consumers’ 
y d fa . ctor : and this recognition makes for a constantly improving 
operating load factor. The last schedule has two steps in [hi 

ST andJnumbe^f f’ a y°matically gives the discount for 

quantity,^ha/is/for ^Zad factor ^ ^ f ° r 

lame f Ctin§ b ° th Sets of A ntors, the diversity between 

are 8 sm?J a T ? t ers ls introduced, and the resulting rates 

ar 5. satisfactory over the entire range 

m°? e S T? day t0 be able t0 operate under a single sched- 

Hr ais 

is, tr ty ’ ““ 
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M. G. Lloyd: I think that most of the principles upon which 
Mr. Baum has worked are well recognized and will not be seri¬ 
ously disputed. I am not quite clear, however, whether in 
making rates, as he has proposed, to cover a large district, he 
means the plan to apply only in such cases as I* think are rather 
frequent in California, where a single company covers a large 
district, operating in a number of municipalities there, and in 
which the local costs would differ according to the distance .of 
transmission, substations involved, etc. What might be applic¬ 
able in that case, however, does not seem to me as applicable in a 
similar district which is served by two or more different com¬ 
panies, with possibly two of them even operating in the same 
community, that is, having overlapping territory. From what 
the author says, in some places in his paper, it appears to me that 
he meant his system to apply to such conditions also. For in¬ 
stance, in the case of two companies whose territory was entirely 
the same, if the charges were made the same where the costs 
were not the same, it would mean, of course, that the charges 
would have to be high enough to cover the conditions of the least 
efficient company, or if they were fixed the same for both com¬ 
panies, lower than, that, it would mean that one company would 
eventually become bankrupt. It does not seem to me that all 
of these advantages and disadvantages that are pointed out in 
the summary here can be supported. In regard to rewarding 
an efficient company, which is not done on the ordinary basis of 
making rates which are simply sufficient to cover the cost of 
service, in which is included, of course, interest on investment; 
it seems to me that can be much better accomplished by such a 
method as is in vogue in Boston for gas service, where there is a 
corresponding change made in the interest allowed, and in the 
rate at the same time; that is to say, whenever a company can 
reduce its rate for service it is automatically allowed a higher 
rate of return upon the investment. 

There is a provision in the public utility laws of at least two of 
our states, I know, providing for efficiency; that is, the principle 
is recognized in the law that efficiency in operation and conse¬ 
quently in lowering cost shall be recognized by larger returns, 
although I must say that I do not think any, or at least very little 
progress has been made in applying that principle in rate-making 
by commissions. 

In regard to the classes of service that were outlined by the 
author, there is one rather important class which was suggested 
by the first paper presented at the session this afternoon. It 
seems to me that the heating and cooking load should be put in a 
distinct class by itself, because it represents a definite condition 
of service, which is rather different from the other classes which 
have been recognized in the paper; that is to say, its diversity 
factor is different from that of the residence load which is made 
up merely of lighting and small applications of power, and yet 
in other features it is more like the residence conditions. It 
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appears to me desirable that such service should be separately- 
classified, and either a special rate made for it or else a rate made 
in such way as has been mentioned here as applying in Spokane, 
where the practical result is equivalent to giving a special rate 
for the use of energy in heating and cooking. 

S. N. Clarkson: This question of class rates for territories 
seems to have been brought up to cover a condition on the 
Pacific Coast, and which will hardly be met with elsewhere. 
When. Mr. Baum proposes to fix a certain class rate for a terri¬ 
tory, irrespective of the distance from the source of power, he 
neglects entirely the cost of distribution, which is much more 
important and many times as great as the actual cost of genera¬ 
tion. The author says: “ The grocer and butcher do not vary 
charges by distance of delivery.” This is true within certain 
limited territories, but tradespeople do not generally deliver 
goods to one customer several miles off the regular delivery route 
without making soifte extra charge. 

The author further states: “ For example, residence lighting 
in Sacramento and Stockton should have the same scale of rates 
—except as local cost of overhead and underground distribution 
may vary, or where natural conditions or competition may have 
produced unusual conditions.” Then a little further on he 
says: “ Rather than have a large number of different scales with 
slight differences, it is believed it will be better to have a uni¬ 
form scale. ’ ’ These two statements do not seem to be consistent. 
The first statement seems quite reasonable, and I believe the rate 
must vary when the cost of distribution and local conditions are 
materially changed. 

The author refers to rates being different because a new sub¬ 
station or distributing system was installed, but it has been my 
experience that the cost of such additions is usually covered by 
getting new business rather than increasing the rate for existing 
customers. It. seems to be generally conceded now by all the 
interested parties that any economies, which can be effected by 
efficient organizations and economical equipment, should be 
divided between the company and its consumers. 

W. H. Pratt: . The analysis of costs in the paper may have 
been with a particular point in view, which to my mind seems to 
be that of full recognition of the fact that charges must be based 
on some form of demand system, and yet that that dqmand sys¬ 
tem should be so planned that changes which might occur in the 
future, at which time a revision of the estimate might properly 
be made, would not upset the conclusions that would then be 
drawn. 

Edward L. -Wilder: There is one point, already mentioned in 
the discussion, which I think is worthy of some amplification. It 
is very important, it seems to me, in rate making, to furnish an 
economic motive to the consumer to improve his load factor. 
It does not seem to me that the method here proposed does that. 
There are several examples which occur to me. For instan ce, 
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timSoes on will have to be taken care of-the general influence 
to* e - oes °:! fa „ tnr n f +he load will have to be considered. In 

«* »- 4 K7T faot ?, r ; 

«“*£*?. CWffi SfSSl en°c,e“Baum's 

oSer^ilces 1 «£Son that it is hopeless to distribute the 
P P •< r^i T-nrippd there is no very acute need that each 

customer^should pay to the last farthing exactly the equitable 

ail The chief requirements are that the community shall be effi- 
intlv provided with electricity, and that the supply company 
shall obtain a reasonable return for its undertaking. The plan 
outlined by Mr. Baum will necessarily involve, as all progressive 
' pi ans do, the cruel but wholesome necessity of putting meffi- 

Ci The author makeslt clear that he intends the system to apply 
tn oomoetina- companies in the same district. I will refer to one 
case the author speaks of, where a man on one side of the street 
gets his supply from one undertaking and a man on the othe 
^•q f ..Up street °ets his supply from another undertaking. It 
would bef utterly Unequitable^ in such a case, that the one man . 
oh mild oav a different price from the other man. . 

That which especially interested me in this paper is the dear 

wav the various matters are brought before us—the point that 
vou must distinguish what kind of plant you put down, you must 
?hf possibilities of the district, what the percentage of 
poor load factor will be, and what percentage of the consumptw 

will have a good load factor. It might make all the difference 
in deciding between a steam central station and making use> o 
some water-power prospect. There is usually certain to be a 
rninstderable percentage of lighting load and the author shows 
verv clearly in Fig. 3, as far as regards the lighting load, the water- 
power plant will not be in such a good position to compete as the 
steam undertaking, whereas as regards the power load, the water¬ 
power undertaking null be in a better position to compete than 
the steam undertaking, provided it does not require too great an 
outlay for water storage or steam reserves. The further west we go, 
the more favorable is the case for water power, and the further 
east we go the better is the case for steam. There will be a 
divi din g line where, in order that investments shall not be wasted, 
very careful analyses should be made. In this intermediate 
zone it will frequently occur that a very large steam undertaking 
will be in competition with a very large water-power undertaking. 
We may assume that in both cases the plants would be first-rate, 
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put down with the best engineering knowledge, no waste in any 
way. Under such conditions, in arranging for the price a com¬ 
mission would have very hard work so to arrange it that the 
steam undertaking should not get a disproportionate return for 
the lighting load while the water-pow T er undertaking would lose 
on the lighting load and obtain a disproportionate return on the 
power load. These questions are, however, in no sense any more 
difficult than the questions involved in the making of railway rates. 

Ralph W. Pope: The author appears to be on the right track 
in making different charges for different classes of service. It is 
one of the most difficult problems in so fixing rates that the 
company will derive the greatest revenue. If they are too high, 
they may diminish the demand, and if they are too low, the mar¬ 
gin of profit is too small. Somewhere there is an actual dividing 
line between the two conditions, which is very difficult to deter¬ 
mine. The author has referred to railroads and delivery service 
in cities in a way that shows that there are difficulties in almost 
every branch of business in meeting the wishes of the customer 
and at the same time bringing proper returns to the producer. 
Railroad charges have had much to do, I think, with the 
establishment of the public service commissions.. 

In the case of railroad rates, the author has cited the railroad 
as not charging for certain improvements which had been made. 
This may be generally the case, but after the Pennsylvania. Rail¬ 
road spent one hundred million dollars on tunnels and tracks 
leading to the station in New York City, New Jersey passengers 
were taxed ten cents each for going through the tunnel, southern 
and western passengers being exempt from that charge. 

As an instance of the question of rates, I might cite right here 
that the Baltimore and Ohio R. R. will carry me from Deer Park 
to Asbury Park, about 75 miles further, for the same price that 
the Pennsylvania will carry me the lesser distance. In another 
case the rate to Washington and back from New York City is 
about $10, and the distance is 230 miles each way, making 460 
miles for $10, which is approximately two cents a mile. In the 
summer season the railroad companies make an excursion rate of 
$3 for the round trip, which is less than seven mills per mil . 
This means a special train and poorer accommodations, but it 
shows that under certain conditions they are willing to a v r 
and get people to go, when the people had not intended to go, 
for sevenmffls per mile, but if you want to go at your own con¬ 
venience bv a regular train the fare is two cents a mile. 

There is one other illustration which has come up before, m 
some of o,Tdiscussions regarding different conditions, Mn 
Baum in his paper refers to the California ;,T 

conditions in the eastern territory are different. In the irn 0 a 
tion profocS in New Mexico and Arizona a very low rate is 
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made, to compete with coal, which would be impossible under 
any other conditions. 

M. G. Lloyd: I think that last point perhaps explains what 
Mr. Hobart did not seem to see in presenting the paper. One ■ 
may have a seasonal load, like irrigation, which is very desirable 
from the standpoint of the power plant, and yet as shown by the 
figures, it has not the characteristics that would earn concessions 
on the same yearly basis as the other loads; yet it is entitled to 
it as an off-peak load. The same thing applies to an all-year 
daylight load. It has not a 100 per cent load factor, but is more 
desirable than a load with 100 ioer cent load factor, because it 
is off the peak. 

H. L. Wallau: There is one more point I would like to bring 
out in reference to the load factor rate versus the direct flat 
rate. An illustration was called to my attention some time ago 
of a company in a small town, whose business was chiefly lighting. 
They had the usual Saturday night peak, all the year round, 
the heaviest night in the week, and it was particularly heavy in 
the winter time. There was a clothing concern in town, the use 
of whose load during the whole week was very moderate, but on 
Saturday nights the use of their load was quadrupled by outline 
lighting all over the building, the very time when the company 
could least stand it. They were making a terrific demand on 
Saturday night, with a very low use of their load during the week¬ 
day nights, and having a flat rate, with discounts, they got a 
good deal better rate than if they had not put up the outline 
lighting on the building which they used on Saturday night only. 
That is an inconsistency, and such a class of rates is apt to build 
up just that sort of business, and when that business gets big 
enough there is nothing for the company to do except raise rates, 
if they want to avoid a deficit. 

F. G. Baum (by letter): None of those who discussed the 
paper made any argument that my method of analysis is not 
correct, but some question the advisability of adopting such a 
system. This is natural, and extreme caution should be used 
in adopting any plan, and no plan should be adopted that does 
not depend for its facts on the actual records of operation of 
the company in the particular territory. 

Three propositions are stated in the paper, viz.: 

1. That demand charges are charges to substation necessary 
to gel the system up to frequency and voltage and ready for 
business, and these charges should be apportioned among 
various classes in proportion to the peak demands of the classes, 
as outlined in the paper. 

2. That energy charges are only those charges that go to 
put kilowatt-hours into system after the system is up to fre¬ 
quency and voltage, that is, that energy charges are practically 
cost of fuel at the steam plant, or steam reserve plant, and 
storage water cost (not forebay storage cost) at power plant. 

3. That uniform class rates, as developed in the paper, for 
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a system or territory where similar conditions exist, will be 
simpler, more equitable and more stable than present rates, 
and will tend to develop all classes of business, and tend to 
have commissions consider “value of service” and allow a 
constant service value for the property. , , f 

From the substation to the consumer the same method oi 
analysis may be used. Any piece of equipment or line etc. 
used iointly by two or more classes should normally divide tne 
charge in proportion to the peaks. That is, to get the kw. 
demand charge, divide by the sum of the two peaks at the 
time when those peaks are a maximum. ' Then multiply this 
demandby the dLand of the class to get the totaldemand 
charge for the particular equipment or line for the class. It 
the peaks are not coincident then the demand costms^reduced 
because of the diversity, as is right. When we ar ™ e 
consumer’s line, for transformers or meters used to supply him 
alone, he must bear the entire cost Those ““ “> 
TVik method then, gives the relative normal cost o± service 

to the different classes and with this method of | ^ 

mand and energy charges brings m relative r^es 

which will generally develop the business. This may be called 
the lowest measure of the value of service. . 

The general natural tendency of electric rates is to fa\ or the 
liehting g consumer, and if the improvement in amps continues 
the lfehtiS consumer will pay very little, ultimately. By the 
th JLtbod it will be seen that his rate must increase 

as°his kilowatt-hours decrease Unless classification of invest¬ 
ment and expense is made and class rates made to fit the lar B e 

^The m^^od^ves^the^ nom^relative 6 cosfof the power and 

riinm^he largest net earnings for a green rnvestnrent. 

Th ReSt te tbeted printgSfby this method we do not 
treat wirttetdividual consumers (except tn spiral c ) b t 
with classes. A fo the 

morning or afternoon, th determined (so far as 

lighting number of hours, but hl f him e ™usively) by the 

expenses up to any equipment'be a did- 

class of which heisaparu. e short time user in the class 

ing scale which mate he rate ; of^he short « nser ^ taking 

higher than that of the lon.o consumed per kw. installed, 

into account the kilowatt-h electric consumer with 

We must not confuse the P ros P® ctl ^ e diversity factor, peaks, 
a discussion of P° wer , fac should tell the consumer what he 

wants°to I lmow—that is, 

he is paying the 
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same rate as other consumers in the same business, that is, 
other consumers in the same class. 

Rates should ultimately become known as applied to a 
certain class of business, for example the lighting class rates, 
the day power class, the 24-hr. class, business lighting, street 
lighting, etc. When the residence lighting consumer now hears 
of the low 24-hr. power rate he thinks he should have the same 
rate; but he is educated to know he must pay a rate for express 
freight different from that for which he ships sand in carload 
lots. 

If my first two propositions above are accepted, it will largely 
result in an automatic and just finding, from easily determined 
facts taken from the records of the company , of the equitable rela¬ 
tive rates for different classes of consumers. We determine 
correct relative rates by the method and do not merely say 
in general terms the lighting consumers shall pay some inde¬ 
finite amount more than the other larger users, but we say 
how much more should be paid. And there is no questioning 
the answer if we go at the matter fairly. The third proposition 
will stabilize and standardize rates and remove misunder¬ 
standings. We have tried numerous methods of determining 
rates and no one will say they have been an unqualified success. 

If managers and engineers will apply themselves to a thorough, 
open-minded and fair study of the situation, I believe they must 
inevitably come to the same conclusion that I have. My 
study has been made from, probably, the largest general power 
system, and one that has developed the diversified load to a 
very high state. It is therefore practical as well as analytical 
(and not theoretical), and the three conclusions above stated 
were arrived at without preconceived notions and without in¬ 
fluence; and the conclusions are believed to be such that any 
one who is willing to accept a fair rate of return on a fair value 
will accept them. It does not agree with those who believe 
we should charge all the traffic will bear. And besides, no two 
men will agree oA how much is, all the traffic will bear , which shows 
its fallacy. I believe electrical men prefer the certainty and 
stability of a fair return on a fair value, and definite methods 
of determining rates. 

If engineers and managers can not agree among themselves 
as to the facts, we certainly must not be surprised if the com¬ 
missions are confused. As a whole the commissions are try¬ 
ing to do what is right, just as are the companies as a whole. 
To concentrate and crystallize the varying views and methods, 
it is necessary that we concentrate and crystallize our ideas 
and facts, so that common ground may be determined to which 
all fair-minded men must agree. 

Any other course must leave the business in the uncertain 
state in which it has been in the past. Stability and certainty 
are assets worth striving for, and the business will not be 
on firm ground until rates are made (1) fair and liberal as a whole 
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to the company, (2) equitable as.^^^hll^andltaSd'for 
onrl uniform so as to make them stable, ana stanaara . 

These results are 

the ability and eagerness desired on the part of the comp y 
and consumers. 
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PROGRESS IN THE IRON AND STEEL INDUSTRY AND 
THE ELECTRIC FURNACE 

BY EARL C.KORG FRANK 


Abstract of Paper 

Tlu* najicr truces the history and development of the electric 
furnace* which has become a very valuable tool in the steel 
industry and Rives promise of ati increasing range of application. 

It is believed that by means of the eleetrie furnace steel will 
be produced of a quality far superior to any made at present. 

T l 1 Ii B Et 11 N N l N(» of tin* twentieth century saw the advent 
of tlu* define furnace, its introduction into the iron and 
sled indrsfrv, and its use on a larger scale. It did not receive 
much ,,r a vvilnnrc, and critical ayes followed its course. Steadily 
and relentlessly it worked its way upwards, until today it has 
Leconte a valuable tool in the industry, with an increasinj? range 
of application and usefulness. Those who look ahead even see 
a vastly larper held, and firmly believe that the electric furnace 
will be yeiterallv employed in the production of higher qualities 
in all branches of the steel industry, and that by it steel will be 
produced possessing qualities unknown today, but far superior 
to anvtlmn; we product* at present. 

The simple tact that the electric furnace has been successfully 
introduced and has proved its usefulness and applicability is 
sufficient proof that its appearance is not accidental, but that 
it arrived with historical necessity at a time when it, was bnuu 
that i'|,e thru esistiitu means for the production ol iron and 
steel were insufficient to meet the new conditions. 

1 purposely use the term historical necessity, indicating thereby 
that we must look upon such a thintf as the introduction of a 
new technical means, not only from an en«ineerin« or mdustna 
point of i iew, but that we must, consider it as a part of the total 
material and intellectual development of the country. Every¬ 
body knows how closely related the technical and commercial 
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conditions are in any industry, but it may not occur to all that 
a step in advance in the steel industry may be due to certain 
changes in social or even political conditions, and that, vice 
versa, an improvement in the steel industry may react on such 
conditions and possibly influence the total national structure. 

An industry and its technical means are not a world by 
themselves, or only to a small extent, but a part of a larger body 
whose purpose they must serve. That is no new r s to an electrical 
engineer 1—The engineer who lays out the plans of a power 
station or an electrical railway, or the telephone engineer who 
looks into the plan for the enlargement of a telephone exchange, 
must very carefully investigate general conditions in that country 
or in the community. He must take into account the human 
element, the ways and tendencies in private as well as in business 
life, as all these factors will influence such an undertaking. 

I touch upon these points here because I want to show that 
the present conditions and requirements, as well as the develop¬ 
ment in the iron and steel industry proper, brought about the 
advent of the electric furnace, and the latter is not'the result 
of fad or fashion, but the legitimate child of progress and 
development. 

If we now abandon our little excursion into the world of 
general ideas and turn again to that part of the world that in¬ 
terests us here today, we have only to look back into the history 
of the iron and steel Industry of the United States in order to 
realize that those general statements can easily be verified by 
glancing over the development during the last 30 or 40 years. 

The iron and steel industry of the United States was of little 
importance before the Civil War, especially as compared with 
England’s highly developed works, and only as late as 1868 
to 1870 it began to extend and develop on a larger scale. The 
rail—the chief requirement of the railroad—was the first great 
influencing factor during a period of about 25 years, beginning 
approximately 1868 and ending about 1893. That is best shown 
by the fact that the mileage of the railroads from 1880 to 1890 
increased from 93,262 to 166,703 miles, while from 1890 to 1900 
only an addition of 27,630 miles is reported. 

Not only the extent of the production of the industry -was 
largely determined by the needs of the railroads, but also the 
quality of the products, and the gradual replacement of iron 
rails by steel rails was largely responsible for the quantity of steel 
made in those days. 
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In 1880 out of 115,647 miles of rails only 29 per cent were 
steel rails. In 1890 there were already 167,458 miles of steel 
rails out of a total of 208,152, that is to say, 80.4 per cent, 
and in 1903, 94.6 per cent out of a total of 286,262 miles were 


stod Tcllls 

The table below shows very clearly the tendency to replace 
iron by steel. This was due, as will be seen later, not only to 
the influence of the railroads, but was a general feature of the 
industry, forced upon it by the demands of the consumers. 


Year 

Pig Iron 

Steel 

1890 

9,202,703 tons 

4,277,071 tons 

1895 

9,446,308 


6,114,834 “ 

1900 

13,789,242 

U 

10,188,329 “ 

1905 

22,992,380 

“ 

20,023,947 “ 

1910 

27,303,567 

u 

26,094,919 “ 

1911 

23,649,547 


23,676,106 “ 

1912 

29,726,937 

“ 

31,251,303 “ 

1913 

30,966,152 

a, 

31,300,874 * 

1914 

23,332,244 

a 

23,513,030 “ 


Per Cent 


46% 

65% 

74% 

87% 

95% 

100 % 

105% 

101 % 

f01% 


After this period, the demand for structural steel for building 
“sky scrapers”, bridges, etc., had a decided influence on the 
production. Still later on, towards the end of the last century, 
steel for freight cars, agricultural machinery, wire rope and 
general machinery, as well as the demands of the shipbuilders, 
were important factors. 

In connection herewith, it may be of interest that the first 
50-ton steel freight car was introduced in 1897 by the Pressed 
Steel Car Company, and that from 1900 to 1902 the number 
of freight cars increased by 150,000. 

Quite a number of events extending almost over the entire 
period reviewed here, and even up to the recent past, may only 
slightly be touched upon here, although their influence upon the 
development of the iron and steel industry is very pronounced. 
I have in mind here the discovery of new mines in the middle 
West, the consequent shifting of the principal seat of production 
of pig iron and rolling mill production to new centers such as 
Pittsburgh and Chicago, and the establishment and growth of 
the manufacture of machinery, tools, implements of all kinds in 
the East, especially in New England, which, with its varied de¬ 
mands, presented new problems to the steel maker. 

During all these years, up to 1890, and even up to 1900, the 
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means at the disposal of the steel industry were fully sufficient 
to produce all the material necessary. The blast furnace, the 
converter, the open hearth furnace, and especially the crucib e, 
enabled the steel makers to meet the demand for practica y a 
kinds of steel used. From that time on, however, a new develop¬ 
ment in the industry set in, which is characterized by the tact 
that it is intensive rather than extensive, in contra-distmction to 
the period before. New industries sprang up which created a 
demand for steel of very high quality for special high-priced 
manufactures. Competition grew up, and it became evident 
that further improvement in the manufacture and production 

of iron and steel was needed. . 

If we add to this fact that no new iron mines of any importance 
were discovered in this country, that high-grade ore has to be 
imported from Cuba, Chile, etc., and that ore of poorer quality 
has to be used, we will easily understand that a new furnace 
which promised to overcome these difficulties was gladly ac¬ 
cepted. Not only ore, but other raw material, cold scrap, etc., 
undement a change for the worse, so that steel makers had to use 
poorer material, or pay much higher prices than previously for 


raw material. « 

Additions to the mileage of the railroads were, of course, much 
less than in former periods, but the heavy traffic m the great 
cities thevastly improved freight movement, created a demand for 
heavier and better rails. On the other hand, endeavors are 
being made to design lighter cars for passenger as well as tor 
freight sendee, without, of course, decreasing the mechanical 
strength so that steel of better quality and better mechanical 
properties is to be used. The total weight on drivers increased 
from about 69,000 lb. in 1885 to over 180,000 lb. m 1907, and 
reached that year a maximum of 316,000 lb. The average axle 
load increased in the same time from 22,000 lb. to 48,000 lb 
and the weight of rail per yard from 65—75 lb., to 85 100 lb. 

When the American Society of Civil Engineers adopted its 
standard section in 1893, 80-lb. rails were just coming into use. 

The electrical industry that grew up to unexpected and un- 
precedented greatness, called upon the steel industry for better 
or more suitable raw material; transformer and dynamo sheets 
of low carbon content but high in silicon for reducing hysteresis 
losses were called for. The casings of railroad and mill motors 
demand a low carbon steel of good magnetic properties ; through 
the increasing speed of turbo-dynamos new requirements were 
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set u f OJ ., if .'.out! mapnetie properties and at the same time 

of verv hif.1t mechanical strcnpth. . .. .. 

Tlu : , n ,,H electric motor has reeently rm-.vv.il new attention, 

and its further improvement and development is probably■ UuRcly 
dependent, upon the material for .1* active parts, ^eum tur- 
hilH ,. hip.h-veloeit y rotary pumps, and similar maehmen add 

further to tin- demand for hip,h-virade steel. 

Of speeial importance and preat inlluenee was the automobi e 
industry with its manifold requirements, from the hiphest «nule 
u f all,IV Steel for axles. pears, eamshafts, magnetos, down to 

with its varied products of IUtin«s, 
fixtures and household poods of all description, must also be men¬ 
tioned here. So we find a preat number of industries, each one 
Tlerinp its particular problem and its special requirement as to 
nmn-nuauUd, and all of them ready, even wa.tmp lor mtprove- 
meit in the raw material, and their progress larp.ely dependent 

U, "h, for hi,* pressure water systems for municipalities, 
t„hw; of all description, valves and idtiups for city water supp >, 
further nuts, bolts and rivets of hiph mechanical strcnpth, and . 
"‘at manv other implements, should further be mentioned hem 
But this is not all; the methods of manufacture havemhanped 
J,\ improved in order to meet the new eond.tions. I.aUi«-wotk 
planiW, and unlliue, has been largely replaced by prmduq,. In. 
’blim- tl,e use of hardened pears, shafts and valves. If is 
well know,., however, that even this method does not oveicoim 
2 liuhenbie,: internal strains, are set up winch frequently 
ehanpe the shape of s.ueh hardened parts, after the pnmlmp 
which even a t’mi .hiup s riudinp cannot fully remove. 

T l rt , reminds «•; and shows that the behavior ot steel undu 
J, eond.tions is still little understood, and that, a pood deal 
rensun- «!. be done The problem involved herein ran on y - 
solved bv careful and tItui’ouph scientific invest ipat.on, an m\c.',B- 
;; llt be i arriv'd out larpely by the ehem.st aud metab 

; , H i, is ,-vident to everybody familiar w.fh the conditions 
of llit- steel industry, that the electric furnace will prove •• * * 
very valuable t ».l for , -Ivins all the i 'and many more p.ubh m 
Its. lle-dliilit and adaptabilitv will mcrcase with meieasinp 

<U i, 1 k !b'!un!:. , '«b ! eoneheum I do not limit if to such nvses 
where the l-Voduef.on ol electric steel will prove to be mote. 
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economical, as for instance crucible steel, but I include also those 
branches of the industry in which economical superiority of the 
electric furnace is still very doubtful. 

The question involved is by no means one of price only. At 
any rate not of price of the steel as raw material. In quite a 
number of instances the finished product, machined castings, 
lathe work, etc., or other parts, for which the cost of labor is to 
be taken into consideration, it can be shown that the use of the 
higher grade of steel as raw material cheapens the product in¬ 
stead of increasing its price. This is so in all cases where loss 
from faulty material is greatly reduced by the use of higher- 
grade raw material, and in each particular case it will be very easy 
to find the limit and conditions under which high-grade expensive 
raw material will permit the most economical production. 

Aside from that, there is no need for striving to compete on 
the basis of price and cheapness, which I consider is funda¬ 
mentally wrong. What we must do and strive for, is to pro¬ 
duce a higher quality of steel which commands a higher 
price, and which, in spite of such higher price, is more economical 
in the end than other steel. It is mainly for this reason, I am 
convinced, that the electric furnace has come to stay, and be¬ 
cause it is the best, and in not a few cases the only means for 
producing steel of the highest quality. That does not mean, 
of course, that in years to come all low-grade steel will disappear, 
but it means that in the different branches of the steel 
industry, steel will be made which will exhibit some superi¬ 
ority as compared with that formerly used in that par¬ 
ticular branch. Furthermore, the above statement does 
not mean that the electric furnace will replace all other 
furnaces hitherto used, but it means that it will become the 
adjunct to all other furnaces for refining and improving their 
product. It follows therefore that the electric furnace is essen¬ 
tially a refining furnace, which was never intended to compete 
with the blast furnace, or the open hearth furnace or the cupola, 
in order to produce only what these furnaces produced in quality. 
It is true that in some instances the electric furnaces are success¬ 
fully employed for melting or smelting only, but these cases 
are not representative. When in such cases the electric furnace 
is used for melting and refining, and competes successfully with 
the combustion type furnace, it is because the advantage de¬ 
rived from the refining exceeds the loss which results from using 
the electric energy for melting only. The economical problems 
involved in such cases must, of course, be considered individually. 
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I tiave no doubt that in many cases a duplex process will prove 
to ofjg r special advantages, so that the melting proper may be 
e «irrl e d on in a cupola or open hearth furnace, or liquid Bessemer 
may be used, while the action of the electric furnace is con- 
f>lrie d. to the refining only. 

1ST ^rurally, the question arises as to the specific technical or 
lolriy element by virtue of which the electric furnace can 

< t ocoxnplish all these results claimed. The answer to that ques¬ 
tion is simply this, 1stThe electric furnace produces a tempera- 
tutx'e^ higher than any other furnace, and produces such higher 
t e rxi-perature more economically than other furnaces. 

2nd. It produces these higher temperatures without con- 
tnxxxination of the charge through gases and other impurities, 
etc., and in the case of the induction furnace, without contamina¬ 
tion through carbon. 

3rd. The electric furnace, and again especially the induction 
furnace, offers the possibility of controlling the temperature 
vvTldiin limits which are entirely beyond the reach of the old 
furnaces. 

Tliere may arise some doubt whether the temperature is 
t^onlly such an important factor as stated above, but to substan¬ 
tiate that contention it will suffice to call attention to the be¬ 
havior of silicon and carbon in the Bessemer converter, of 
IpTio sphorus, sulphur, manganese, etc., in the open hearth fur- 
irnstco, facts which are all well known, and represent conspicuous 
oases. There are really only three fundamental factors which 
determine all steel-producing processes: the chemical composition 
of the material, temperature, and Time. The more perfectly 
we can control these elements during the process, the more 
•p effect results will we obtain. Thus we. see at once the immense 
possibilities of the electric furnace, and it only remains for the 
steel maker to investigate thoroughly and carefully, the phe- 
nomena in question. He must, of course, not stop with the in¬ 
vestigation at the ladle, but must extend it to foundry, rolling 
inn-ill, forge, hardening furnace and even the machinery shop, 
in order to be fully informed about the behavior of the steel dur¬ 
ing^ the process of conversion from the raw material into the 
finished product. 

JKiso in these branches of the steel industry, electricity has 
nlx*eady rendered great service, and helped to solve the problems 
involved. It will do more in the future, and I can well imagine 
-thi at the temperature of the steel in the molds, or passing through 
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the rolling mills, will be controlled by electricity in order to 
influence the cooling-off process, which, as we know, is quite 
important for the character of the finished product. 

We have therefore good grounds to trust that the close co¬ 
operation of the electrical engineer and the steel maker will 
result in the improvement and progress in the steel industry, 
and the electrical engineer will always welcome the oppor¬ 
tunity to assist in solving the problems of our iron and steel 
industries. 



'Presented at the Panama-Pacific Convention of 
the American Institute of Electrical Engineers, 
San Francisco, Cal., September 16,1915. 
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PHYSICAL LIMITATIONS IN D-C. COMMUTATING 
MACHINERY 


BY B. G. LAMME 


Abstract of Paper 

In direct-current machines, there are a number of apparently 
distinct limitations, such as sparking at brushes, flashing at 
the commutator, burning and blackening of the commutator 
face, picking up of copper, etc., which, in reality, are very in¬ 
timately related to each other. . The principal object of the 
paper is to bring out such relationships and to show that all 
these actions are special cases -of well-known phenomena. 

The theory of commutation is considered only in its relation 
to the e.m.fs. generated in the coils, short-circuited by the 
brush; and the limiting e.m.fs. per commutator bar and per 
brush are shown to be fixed principally by. brush contact re¬ 
sistance. The effects of the negative coefficient of the contact 
resistance are also referred to briefly. 

Flashing due to various causes is next taken up, and the re¬ 
lations between the maximum volts per bar and flashing con¬ 
ditions is indicated, both from test and general experience. 
Flashing due to various other causes, such as interrupting the 
circuit, etc., is also considered. . # . 

Burning and blackening of commutators, high mica, picking 
up of copper, etc., are treated in detail, and these actions are 
shown to be very closely related to the commutation limits de¬ 
rived in the earlier part of the paper. 

Noise, vibration, etc., are also considered as limitations m 
design of d-c. apparatus. In approaching the ultimate design, 
these limitations become increasingly prominent. 

Flickering of voltage and winking of lights , are two well- 
known actions in direct-current practise. A simple explana¬ 
tion of the winking of lights (not original with the author) is 
given, with the results of tests on a generator with well-pro¬ 
portioned compensating windings in the pole faces. Apparent¬ 
ly the difficulty is a fundamental one, and is liable to occur m 
all types of d-c. machines. .... 

In conclusion, a brief chapter is given on design limitations 
as fixed by commutator peripheral speed. This applies par¬ 
ticularly to large-capacity high-voltage machines. . . 

An appendix is added covering a method for determining the 
maximum capacity of d-c. machines in terms, of the short-cir¬ 
cuit volts per commutator bar when the various constants m 
the machine are given certain limiting values. The results 
show that in large high-speed machines, the maximum capacity 
is considerably above present practise. 

I N DIRECT-CURRENT commutating machinery there are 
many limitations in practical design which cannot be 
exceeded without undue risk in operating characteristics. 
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Many of these limits are not sharply defined in practise, due, in 
many cases, to the impossibility of taking advantage of all the 
helpful conditions and of avoiding the objectionable ones. There 
are many minor conditions which affect the permissible limits 
of operation, which are practically beyond the scope of reliable 
calculation. Usually, such conditions are recognized, and al¬ 
lowance is made for them. It is the purpose of this paper to 
treat of some of the major, as well as minor, conditions which 
must be taken into account in advanced direct-current design. 
These are so numerous, and are so interwoven, that it is difficult 
to present them in any consecutive order. 

Probably the most serious limitation encountered in direct- 
current. electric machinery is that of commutation. This is an 
electrical problem primarily, but in carrying any design of direct- 
current machine to the utmost, certain limitations are found 
which are, to a certain extent, dependent upon the physical 
characteristics of materials, constructions, etc. 

A second limitation which is usually considered as primarily 
an electrical one, namely, flashing, (arid bucking) is in reality 
fixed as much by physical as by purely electrical conditions. 

A third limitation is found in blackening and burning of com¬ 
mutators, burning and honeycombing of brushes, etc. These 
actions are, to a certain extent, electrical, but are partly physical 
and mechanical, as distinguished from purely electrical. 

There are many other limiting conditions dependent upon 
speed, voltage, output per pole, quality or kind of materials 
used, etc. As indicated before, these cannot all be treated 
separately and individually, as they are too closely related to 
other characteristics and limitations. 

Commutation and Commutation Limits 

In dealing with the limits of commutation, it is unnecessary 
to go into the theory of commutation, except to indicate the 
general idea upon which the following treatment is based. This 
has been given more fully elsewhere,* and therefore the following 
brief treatment will probably be sufficient for all that is required 
in this paper. 

In this theory it is considered that the armature winding as a 
whole tends to set up a magnetic field when carrying current, 
and that the armature conductors cutting this magnetic field 

*A Theory of Commutation and Its Application to Interpole Machines, 
by B. G. Lamme, A. I. E. E. Trans., Vol. XXX, 1911, p. 2359. 
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will generate e.m.fs. just as when cutting any magnetic field. 
Prom consideration of the armature magnetomotive force alone, 
the flux or field set up by this winding would have a maximum 
value over those armature conductors which are connected to 
the brushes. If the magnetic conditions or paths surrounding 
the armature were equally good at all points, this would be true. 
However, with the usual interpolar spaces in direct-current 
machines, the magnetic paths above the commutated coils are 
usually of higher reluctance than elsewhere. However, what¬ 
ever the magnetic conditions, the tendency of the armature 
magnetomotive force is to establish magnetic fluxes, and, if 
any field is established in the commutating zone by the armature 
winding, then those armature coils cutting this field will have 
e.m.fs. generated in them proportional to the field which is cut. 
As part of this armature flux is across the armature slots them¬ 
selves, and part is around the end windings, both of which are 
practically unaffected by the magnetic path in the interpolar 
space above referred to, obviously, then no matter how poor the 
magnetic paths in the interpolar space above the core may be 
made, there will always be e.m.fs. generated on account of that 
part of the armature flux which is not affected by those paths. 
In the coils short circuited by the brushes, these e.m.fs. will 
naturally tend to set up local or short-circuit currents during the 
interval of short circuit. 

In good commutation, as the commutator bars connected to 
the two ends of an armature coil which is carrying current in a 
given direction, pass under the brush, the current in the coil 
itself should die down at practically a uniform rate, to zero value 
at a point corresponding to the middle of the brush, and it should 
then increase at a uniform rate to its normal value in the opposite 
direction by the time that the short circuit is opened as the coil 
passes from under the brush. This may be considered as the 
ideal or straight line reversal or commutation which, however, 
is only approximated in actual practise. This gives uniform 
current distribution over the brush face. 

If no corrective actions are present, then the coil while under 
the brush tends to carry current in the same direction as before 
its terminals were short'-circuited. In addition, the short-circuit 
current in the coil, due to cutting the armature flux, tends to add 
to the normal or work current before reversal occurs. The 
resultant current in the coil is thus not only continued in the 
same direction as before, but tends to have an increased value. 
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Thus the conditions at the moment that the coil passes out from 
under the short-circuiting brush are much worse than if no short- 
circuit current were generated. The reversal of the current 
would thus be almost instantaneous instead of being gradual as 
called for by the ideal commutation, and the resultant current 
reversed much greater than the work current alone. However, 
the introduction of resistance into the local circuit will greatly 
assist in the reversal as will be illustrated later. The ideal condi¬ 
tion however, is obtained by the introduction of an opposing 
e.m.f. into the local short-circuited path, thus neutralizing the 
tendency of the work current to continue in its former direction. 

As this opposing e.m.f. must be in the reverse direction to 
the short circuit e.m.f. which would set up by cutting the arma¬ 
ture magnetic field, it follows that where commutation is accomp¬ 
lished by means of such an e.m.f. it is necessary to provide a 
magnetic field opposite in direction to the armature field for 
setting up the commutating current. This may be obtained in 
various ways, such as shifting the brushes forward (or backward) 
nn t.il the commutated coil comes under an external field of the 
right direction and value, which is the usual practise in non¬ 
commutating pole machines; or a special commutating field of 
the right direction and value may be provided, this being the 
practise in commutating pole and in some types of compensated 
field ma chin es. When the commutating e.m.f. is obtained by 
shif ting the commutated coil under the main field, only average 
conditions may be obtained for different loads; whereas, with 
suitable commutating poles or compensating windings, suffi¬ 
ciently correct commutating e.m.fs. can be obtained over a 
very wide range of operation. 

In practise, it is difficult to obtain magnetic conditions such 
that an ideal neutralizing e.m.f. is generated. However, the use 
of a relatively high resistance in the short-circuited path of the 
commutated coil very greatly simplifies the problem. If the 
resistance of the coil itself were the only limit, then a relatively 
low magnetic field cut by the short-circuited coil would generate 
s uffi cient e.m.f. to circulate an excessively large local current. 
Since such current might be from 10 to 50 times as great as the 
nor mal work current, depending upon the size of machine, it 
would necessarily add enormously to the difficulties of commuta¬ 
tion whether it is in the same direction as the work current or is 
in opposition. To illustrate the effect of resistance, assume, for 
example, a short circuit e.m.f. in the commutated coil of two 
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volts, and also assume that a copper brush of negligible resist¬ 
ance short circuits the coil, so that the resistance of the short- 
circuited coil itself practically limits the current to a value 20 
times as large as the work current. Now replace this copper 
brush with one giving about 20 times as large a resistance (some 
form of graphite or carbon brush) then the total resistance in 
circuit is such that the short-circuit current is cut down to a 
value about equal to that jof the work current. This at once 
gives a much easier condition of commutation, even without any 
reversing field; while with such field, it is evident that extreme 
accuracy in proportioning is not necessary. Thus a relatively 
high resistance brush—or brush contact, rather is of very great 
help in commutation; especially so in large capacity machines 
where the coil resistance is necessarily very low. In very small 
machines, the resistance of the individual armature coils has 
quite an influence in limiting the short circuit current. 

It is in its high contact resistance that the carbon brush is 
such an important factor in the commutating machine. Usually, 
it is the resistance of the brush that is referred to as an important 
factor in assisting commutation. In reality, it is the resistance 
of the contact between the brush and commutator face which 
must be considered, and not that of the brush itself, which usually 
is of very much lower resistance, relatively. As this contact re¬ 
sistance or drop will be referred to very frequently in the fol¬ 
lowing, and as the brush resistance itself will be considered 
in but a few instances, the terms “ brush resistance ” and 
“ brush drop ” will mean contact resistance and contact drop 
respectively, unless otherwise specified. 

Short-Circuit Volts per Commutator Bar . As stated before 
the armature short-circuit e.m.f. per coil/ or per commutator 
bar, is due to cutting a number of different magnetic fluxes, such 
as those of the end windings, those of the armature slots, and 
those over the armature core adjacent to the commutating zone. 
Each of these fluxes represent different conditions and distri¬ 
butions, and therefore the individual e.m.fs. generated by them 
may not be coincident in time phase. Therefore, the resultant 
e.m.f. usually may not be represented by any simple graphical 
or mathematical expression. 

When an external flux or field is superimposed on the armature 
in the commutating zone, it’ may be considered as setting up an 
additional e.m.f. which may be added to, or subtracted from, 
the resultant short-circuit e.m.f. due to the armature fluxes. 
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These component e.m.fs. are not really generated separately 
in the armature coils, for the external flux combines with part 
of the armature flux, so that the armature coil simply generates 
an e.m.f. due to the resultant flux. However, as part of the 
armature short circuit e.m.f. is generated by fluxes which do not 
combine with any external flux, as in the end winding, for in¬ 
stance, it follows that, to a certain extent, separate e.m.fs. are ■ 
actually generated in the armature winding in different parts of 
the coil. For purposes of analysis, there are advantages in 
considering that all the e.m.fs. in the short-circuited armature 
coil are generated separately by the various fluxes. A better 
quantitative idea of the actions which are taking place is thus 
obtained, and the permissible limitations are more easily seen. 
In the following treatment, these component e.m.fs. will be 
considered separately. As that component, due to cutting the 
various armature fluxes, will be referred to very frequently 
hereafter, it will be called the “ apparent ” armature short 
circuit e.m.f. per coil, or in abbreviated ‘form, “ the apparent 
short circuit e.m.f.” In practise, on account of the complexity 
of the separate elements which make up the apparent short 
circuit e.m.f., it is very difficult, or in many cases, impossible, 
to entirely neutralize or balance it at all instants by means of an 
e.m.f. generated by an extraneous field or flux of a definite distri¬ 
bution. Therefore, it should be borne in mind that, in practise, 
only an approximate or average balance between the two com¬ 
ponent e.m.fs. is possible. With such average balance there are 
liable to be all sorts of minor pulsations in e.m.f. which tend to 
produce local currents and which must be taken care of by means 
of the brush resistance. Pulsations or variations in either of the 
component e.m.fs. are due to various minor causes, such as the 
varying magnetic conditions which result from a rotating open 
slot armature, from cross magnetizing and other distorting effects 
under the commutating poles, variations in air-gap reluctance 
under the commutating poles, pulsations in the main field reluc¬ 
tance causing development of secondary e.m.fs. in the short- 
circuited coils, etc. Some of these conditions are liable to be 
present in every machine; some which would otherwise tend to 
give favorable conditions as regards commutation, are partic¬ 
ularly liable to set up minor pulsations in the short circuit e.m.f. 
Therefore, brushes of high enough resistance to take care of the 
short circuit e.m.f. pulsations are a requisite of the present types 
of d-c. machines, and it may be assumed that there is but little 
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prospect of so improving the conditions in general that relatively 
high resistance brushes, or their equivalent, may be discarded. 
It is only on very special types of machines that low resistance 
brushes can be used. 

With ideal or perfect commutation, the two component e.m.fs. 
in the short circuited coil should balance each other at all times. 
However, as stated before, this condition is never actually ob¬ 
tained, and the brush resistance must do the rest. With ideal 
commutation, the current distribution over the brush contact 
face should be practically uniform, and a series of voltage read¬ 
ings between the brush tip and commutator face should show 
uniform drops over the whole brush face. In most cases in 
practise however, such voltage readings will be only averages. 
For example, instead of a contact drop of one volt at a given 
point, the actual voltage may be varying from zero to two volts, 
or possibly from minus one volt to plus three volts. These 
pulsating e.m.fs. will result in high-frequency local currents, 
which have only a harmful influence on the commutation and 
commutator and brushes. These pulsations may be assumed 
to be roughly related in value to the. apparent short-circuit 
volts generated by the armature conductor. In other words, 
the higher the apparent short-circuit volts per conductor, the 
larger these pulsations are liable to be. As the currents set up 
by these pulsations must be limited largely by the brush contact 
resistance^ it is obvious that there is a limit to the pulsations 
in voltage, beyond which the current set up by them may be 
harmful. A very crude practise, and yet possibly, the only 
fairly safe one, has been to set an upper limit to the apparent 
short circuit volts per bar, this limit varying to some extent with 
the conditions of service, such as high peak loads of short dura¬ 
tion, overloads of considerable period, continuous operation, etc. 
Experience has shown that in commutating pole machines, the 
apparent short-circuit voltages per turn may be as high as four 
to four-and-one-half volts, with usually but small evidence of 
local high frequency currents, as indicated by the condition of 
the brush face. If this polishes brightly, and the commutator 
face does not tend to u smut,” then apparently the local currents 
are not excessive. However, in individual cases, the above 
limits have been very considerably exceeded in continuous opera¬ 
tion, while, in exceptional cases, even with apparently well 
proportioned commutating poles, there has been evidence of 
considerable local current at less than four volts per bar. 
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The contact drop between brush and commutator with the 
•usual brushes is about 1 to 1.25 volts. As is well known, this 
drop is not directly proportional to the current, but increases 
only slowly with very considerable increases in current density 
at the brush contact. For instance, with 20 amperes per sq. in. 
in a given brush, the contact drop may be one volt; at 40 amperes 
per square inch, it may be 1.25 volts, while at 100 amperes per 
square inch, it may be 1.4 volts, and, with materially higher 
currents, it may increase but little further. This peculiar prop¬ 
erty of the brush contact is, in some ways, very much of a dis¬ 
advantage. For instance, if the local currents are to be limited 
to a comparatively low density, then necessarily the voltages 
generating such currents must be kept comparatively low. With 
the above brush contact characteristics, two volts would allow 
a local current of 20 amperes per square inch to flow (there being 
one volt drop from brush to commutator and one volt back to 
the brush). If, however, the local voltage is three volts instead 
of two, or only 50 per cent higher, then a local current of possibly 
150 to 200 amperes per square inch may flow, and this excessive 
current density may destroy the brush contact, as will be de¬ 
scribed later. 

It may be assumed in general that the lower the apparent short- 
circuit voltage per armature conductor, the lower the pulsations 
in this voltage are liable to be. Assuming therefore, as a rough 
approximation, a 50 per cent pulsation as liable to occur, then, 
from, the standpoint of brush contact drop, the total apparent 
voltage of the commutated coil in continuous service machines 
should not be more than 4 to 4| volts, which accords pretty well 
with practise. For intermittent services, such as railway, 
materially higher voltages are not unusual. 

As the main advantage of the carbon brush is that it determines 
or limits the amount of short-circuit current, it might be ques¬ 
tioned whether such advantage might not be carried much fur¬ 
ther by using higher short-circuit voltages and proportionately 
greater resistance. However, there are reasons why this cannot 
be done. The carbon brush is a resistance in the path of the 
local current, but it is also in the path of the work current. As 
the brush resistance is increased, the greater is the short-circuit 
volt age which can be taken care of with a given limit in short-circuit 
current, but at the same time, the loss due to the work current is 
increased. Decreasing the resistance of the brush contact in¬ 
creases the loss due to the short-circuit current, but decreases 
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tliat <lut* t*> the work current. Thu-., in each individual ease, 
ilien* is si mu' particular l'rush resistance which qivrs minimum 
loss. However, this may not ahvavs he the resistance desired 
furhest commutation, from the operatin;'. slatiilpoint. hut these 
two conditions of resistance appear to lie fairly close together. 
Practise is a coiitimtal compromise on this question of lwn h eoii- 
taet resist;mce. In some machines, a low-resistance finish is 
practicable, with consequent Sow loss due Vo work current. In 
other cases, which, to the layman, would appear to he exactly 
similar, higher resistance brushes yive better average results, 
'l'lius one grade of carbon brush is not the most suitable tor dii- 
iVmit machines tinless they have similar eommutaliim eoiidt- 
tinns. However, it is im]»raelieable to design all machines of 
different, speeds, types, or eaparities so that they will have equal 
commutating eharaeteristics, in non-commutating pole ma¬ 
chines where only average commutating fluxes are obtainable, 
the resistance of the brush is usually of more importance than 
in the commutating pole type, for, in the latter, a mean . t pm 
videil for eon! rolling the value of the -hurt circuit current tbc*. 
ever, advantage ha been taken ot lhi . latter tact to neb an 
extent in modern commutating pole machines, that the cntic,d 
or best brush re i tuner has attain become a vm important 
condition of design and operat ion 

“Ap/wmit" Short t ‘in nit i\ \t ./**. /•" ' Irtish 'i he precedinv: 
considerations lead up to another limitation, namely, the total 
e.m.f. short-circuited by the brush. This attain may 1»-considered 

as brill)' made up ot two components, the apparent short • 
circuit e.m.f per bar times the mm nr number ol bat ■ covered 
by the brush, hereafter railed "The apparent hot! .in nit 
e.m.f. per bru- h ", and the e m f. per bar generated bv the mu- 
mutating field, times the average number of liars covered by 

the brush, , 

As lms been shown, ordinary carbon brushes can short < man! 
2 to 2J volts without extev.ive local current. Obviously, if the 
resultant e.m.f. generated in all the roils short -circuited by the 
brush that is, the resultant of the short-circuit c.m.ls .due to 
both the armature and the commutating field is much law.*! 
than 2J volts, large local currents will flow, Thm-mic, in a 
commutating pole machine, for instance, the siren,.!h *<s the 
committaling pole field should always be such that i al " 
neutralizes the total short-circuit e.m.f. across the brush within 
a limit represented by the brush contact drop, in order to keep 
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within the limits of permissible local currents. With very- 
low resistance brushes, the proportioning of the commutating 
field for neutralization of the apparent brush e.m.f. would 
have to be much closer than with higher resistance brushes. 
Moreover, not only should this e.m.f. generated‘by the com¬ 
mutating flux balance the total short-circuit voltage across the 
brush within these prescribed limits, but these limits should 
not be exceeded anywhere under the brush. 

It might be assumed that if there is a pulsation of two volts 
per coil, for instance, then the total pulsation would be equal 
to this value times the average number of coils short-circuited. 
However, this in general is not correct, as the e.m.f. pulsations 
for the different coils are not in phase, and their resultant may 
be but little larger than for a single coil. 

Based upon the foregoing considerations, the limiting values 
of the apparent brush e.m.f. may be approximated as follows: 
Assume ordinary carbon brushes with 1 to 1J volts drop with 
permissible current densities—that is, with 2 to 2| volts oppos¬ 
ing action as regards local currents. Also, assume, for example, 
an apparent brush short-circuit e.m.f. of 5 volts, with brush 
resistance sufficient to take care of 2§ volts. Then the total 
e.m.f. due to the commutating flux need not be closer than 50 
per cent of the theoretically correct value, with permissible 
local currents. This is a comparatively easy condition, for it 
is a relatively poor design of machine in which the commutating 
pole strength cannot be brought within 50 per cent of the right 
value. Assuming, next, an apparent brush e.m.f. of 10 volts, 
then the commutating pole must be proportioned within 25 
per cent of the right value. In practise, this also appears to 
be feasible, without undue care and refinement in proportion¬ 
ing the commutating field. If this machine never carried any 
overload, this 25 per cent approximation would represent a 
relatively easy condition, for experience has shown that pro¬ 
portioning within 10 per cent is obtainable in some cases, which 
should allow an apparent brush e.m.f. of 25 volts as a limit. 
However, experience also shows that this latter is a compara¬ 
tively sensitive condition, which, while permissible on short 
peak loads, is not satisfactory for normal conditions. Where 
such close adjustment is necessary to keep within the brush 
correcting Emits, any rapid changes in load are liable to result 
m sensitive commutating conditions, for the commutating pole 
flux does not always rise and fall exactly in time with the arma- 
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ture flux, and thus momentary unbalanced conditions of pos¬ 
sibly as high as 10 or 12 volts might occur with an apparent 
brush e.m.f. of 25 volts. Also, very slight saturation in the 
commutating pole magnetic circuit may have an unduly large 
influence on unbalancing the e.m.f. conditions. In other words, 
the apparent brush short-circuit and neutralizing e.m.fs. must 
not be unduly high compared with the permissible corrective 
drop of the brushes. Experience shows that an apparent e.m.f. 
of 10 volts across the brush in well designed commutating pole 
machines is usually very satisfactory, while, in occasional cases, 
12 to 13 volts allow fair results on large machines, and, in rare 
cases, as high as 15 to 18 volts has been allowed on small ma¬ 
chines at normal rating. However, overloads, in some cases, 
limit this permissible apparent brush voltage. As a rule, 30 
volts across the brush on extreme overload is permissible, 
but, usually this is accompanied by some sparking, usually 
not of a very harmful nature if not of too long duration. Under 
such overload conditions, doubtless unbalancing of three volts 
or more may be permissible, and thus, with 30 volts to be 
neutralized, this means about 90 per cent theoretically correct 
proportioning of the commutating pole flux. Cases have been 
noted where as high as 35 to 40 apparent brush volts have been 
corrected by the commutating pole on heavy overloads with 
practically no sparking. This, however, is an abnormally good 
result, and is not often possible of attainment. Obviously,with 
such high voltages to be corrected, any little discrepancies in 
the balancing action between the various e.m.fs. are liable to 
cause excessive local current flow. 

Incidentally, the above indicates pretty clearly why d-c. 
generators are liable to flash viciously when dead short-cir¬ 
cuited. The ordinary large capacity machine can give 20 to 
30 times rated full load current on short circuit. If this large 
current flows, then, neglecting saturation, the armature short- 
circuit e.m.f. across the brush will be excessive. Assuming, 
for instance, a 10-volt limit for normal rating, then with only 
ten times full load current, the apparent short-circuit e.m.f. 
would be 100 volts. The commutating pole, in the normal con¬ 
struction, does not have flux margin of 10 times before high 
saturation is reached, and in consequence, it may neutralize 
only 50 to 60 volts of the 100. Therefore a resultant actual 
e.m.f. of possibly 40 volts must be taken care of by the brushes. 
This means an enormous short-circuit current in addition to 
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the 10 times work current. Vaporization of the copper and 
brushes occurs and flashing results, as will be described more 
fully in the treatment of flashing limits. 

Brush contact drops of 1 to 1.5 volts have been assumed 
in the preceding, and certain limits in the apparent short-cir¬ 
cuit e.m.f. based on these drops have been discussed. How¬ 
ever, the conditions may be modified to a considerable extent 
by effects of temperature upon the brush contact resistance. 
Usually it has been assumed that the well-known decrease in 
contact resistance of carbon and graphite brushes with increase 
in temperature is in some ways related to the negative tem¬ 
perature coefficient of carbon and graphite. The writer has 
been among those who advanced this idea, but later experience, 
based upon tests, has shown that the reduced drop with increase 
in temperature does not necessarily hold any relation to the 
negative temperature coefficient of the carbon brush itself, for 
similar changes in the contact drop have been found with ma¬ 
terials other than carbon, which actually had, in themselves, 
positive temperature coefficients. Moreover, in some tests, 
the changes in contact resistance with increase in temperature 
have proved to be much greater in proportion than occurs 
in the carbons themselves. In some cases, the measured drops 
with temperature increases of less than 100 deg. cent, decreased 
to one-half or one-third of the drops measured cold. 

Obviously, these decreased contact resistances or drops may 
have a very considerable effect on the amount of local current 
which can flow and, therefore, in such case the foregoing general 
deductions should be modified accordingly. However, the 
results are so affected by the oxidation of the copper commutator 
face, and other conditions also more or less dependent upon 
temperature, that, as yet, no definite statement can be made 
regarding the practical effects of increase in temperature except 
the general one that the resistance is usually lowered to a con¬ 
siderable extent. Apparently, oxidation of the copper face 
tends toward higher contact resistance. Ofttimes, sanding 
off ” the glaze tends to give poorer commutation. The above 
points to one explanation of this. 

Assuming any desired limits for the apparent e.m.fs., such as 
4 to 4| volts per commutator bar, it is possible to approximate 
by calculation the limiting capacities of generators-or motors in 
terms of speed, etc. Appendix I shows one method of doing 
this. In the writer’s experience, a number of machines have been 
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carried up to about the limits derived in the appendix, and the 
practical results were in fair accord with the calculations.. In 
general, it may be said that in large machines, the upper limits 
of capacity in terms of speed, etc., are so high that they do not 
indicate any great handicap on future practise. 

In the foregoing, the limits for the apparent short-circuit e.m.f. 
per bar and per brush have been based upon the brush contact 
resistance. However, it may be suggested that something other 
than the brush contact resistance might be used for limiting the 
local current, and thus the commutating limits might be raised. 
For instance, an armature winding could be completely, closed on 
itself, with high-resistance leads carried from the winding to the 

commutator bars. Each of such leads 
would be in circuit only where the 
brushes touched the commutator 
bars. Thus there could be very con¬ 
siderable resistance in each lead with¬ 
out greatly increasing the total losses; 
and, unlike the brushes, each lead 
would be in circuit only for a very 
small proportion of the time. 

About 10 years ago, .the writer de¬ 
signed a non-commutating pole d-c. 
turbo-generator with such resistance 
leads connected between the winding 
and the commutator. The leads were 
placed in the armature slots below the 
main armature winding. The idea was 
to have enough resistance in circuit 
with the short-circuited coils that the brushes at no load could be 
thrown well forward into a field dux sufficient to produce good 
commutation at heavy load, even if very low resistance brushes 
were used. Tests of this machine showed that the non-sparking 
range, with the brushes’ shifted either forward or back of the 
neutral point was very much greater than in an ordinary machine. 
In this case, it developed that the leads were of too high resistance 
for practical purposes, as the armature ran too hot, the heat-dis¬ 
sipating conditions in a small d-c. turbo-armature not being any 
too good at best. These tests however, indicate one possibility 
in the way of increasing the present limits of voltage per bar and 
volts across the brush. Moreover, such resistances can have a 
positive temperature coefficient of resistance, instead of the 
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negative one of the carbon brushes and contacts. Also, the 
corrective action in limiting local currents would vary directly 
with the current over any range, and not reach a limit, as in car¬ 
bon brushes. 

Considerable experience with resistance leads in d-c. operation 
has also been obtained in large a-c. commutator type railway 
motors, designed for operation on both a-c. and d-c. circuits. 
Apparently these leads have a very appreciable balancing action 
as regards division of current between brush arms in parallel. 
With but few brushes per arm, it appears that very high current 
densities in the brushes can be used without undue glowing or 
honeycombing. Presumably the reduction in short-circuit 
current, when operating on d-c., also has much to do with this. 
Some special tests were made along this line, and it was found that 
a very low resistance in the leads, compared with that which was 
best for a-c. operation, was sufficient to exert quite a decided 
balancing between the brush arms. 

With properly proportioned resistance leads it should be pos¬ 
sible to use very low resistance brushes, and relatively high 
current densities. Advantage might be taken of this in various 
ways. There may prove to be serious mechanical objections to 
such arrangements. However, if the objections are not too 
serious, the use of resistance leads in this manner may be prac¬ 
tised at some future time as we approach more extreme designs. 

Flashing 

One of the limits in commutating machinery is flashing. This 
may be of several kinds. There may be a large arc or flash 
from the front edge of the brush, which may increase in volume 
until it becomes a flash-over to some other part of the machine. 
Again, a flash may originate between two adjacent bars at some 
point between the brush arms, and may not extend further, or 
it may grow into a general flash-over. Different kinds of flashes 
may arise from radically different causes, some of which may be 
normally present in the machine, while others may be of an 
accidental nature. 

Whatever the initial cause, the flash itself means vaporized 
conducting material. If the heat developed by or in this vapor 
arc is sufficient to vaporize more conducting material—that is, 
generate more conducting vapor—then the arc or flash will grow 
(or continue. Thus, true flashing should be associated with 
| vaporization, and, in many cases, in order to get at the initial 
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cause of flashing, it is only necessary to find the initial cause of 
vaporization. 

Arcs between Adjacent Commutator Bars. This being one of 
the easiest conditions to analyze, it will be treated first, especially 
as certain flashing conditions are dependent upon this. 

A not unco mm on condition on commutators in operation is 
a belt of incandescent material around the commutator, usually 
known as “ring fire.” This is really incandescent material 
between adjacent bars, such as carbon or graphite, scraped off 
the brush faces usually by the mica between bars. As the mica 
tends to stand slightly above the copper, due to less rapid “wear,” 
its natural action is to scrape carbon particles off the brush. 
These particles are conducting and if there is sufficient voltage, 
and current to bring them up to incandescence, this shows as a 
streak of fire around the commutator. In many cases, by its 
different intensities around the commutator, this ring fire shows 
plainly the density of the field flux, or e.m.f. distribution around 
the machine. It is practically zero in the commutating or 
neutral zone, and shows plainly under the main field. In loaded 
machines, this often indicates roughly the flux distortion. In 
machines which act alternately as motors and generators, as in 
reversing mill work, the point of highest incandescence shifts 
forward or backward over the commutator, depending upon the 
direction of field distortion. 

In undercut commutators (those with mica cut below the cop¬ 
per surface) this ring fire is also observable at times, due to con¬ 
ducting particles in the slots between bars. Usually such 
particles consist of carbon or graphite, as already stated, but 
particles of copper may also be present. Also, oil or grease, mixed 
with carbon, will carbonize under incandescence, and will thus 
add to the ring fire. Often when a commutator is rubbed with 
an oiled cloth or wiper, ring fire will show very plainly, and then 
gradually die down. The burning oil exaggerates the action, 
and also, the oil itself may enable a conducting coating to adhere 
to the mica edges, thus starting the action, which disappears 
when the oil film is burned away. However, when the oil cap 
penetrate the mica, the incandescence may continue in spots ana 
at intervals, the mica being calcined or burned away so that it 
gradually disppears in spots. This is the action usually calle ^ 
“ pitting ”, which experience has shown to be almost invariably « 
caused by conducting material in the mica, such as carbonized 
oil, carbonized binding material, copper and carbon particles 
which have been carried in with the oil, etc. 1 
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This ring fire is not always a direct function of the voltage 
between bars, although, under exactly equivalent conditions of 
speed, grade of brushes, etc., it is closely allied with voltage condi¬ 
tions. In high voltage machines, usually hard high-resistance 
brushes are used, which tend to give off the least carbon in the 
form of particles; while in low voltage machines, soft, low-re¬ 
sistance brushes, with a good percentage of graphite in them, are 
common, and these naturally tend to coat the mica to a greater 
extent. 

Under extreme conditions, this ring fire may become so intense 
locally that there is an actual arc formed between two adjacent 
bars, due to vaporization of the copper. This may show in the 
form of minute copper beads at the edge of the bar, or minute 
11 pits M or “ pockets ” may be burned in the copper next to the 
mica. In extreme cases, where the voltage between bars is 
sufficient to maintain an arc, conical shaped ——.—r-ro j w f 
cavities or holes may be burned in the I J I [ I T I 
copper. In such cases, the arc is usually ' ' ' 

explosive, resembling somewhat a small 
11 buck-over.” An examination of the com¬ 
mutator will show melted-out places, as in 
Fig. 2. Part of the missing copper has 
been vaporized by the arc, while part may 
have become so softened or fused that it is 
thrown off by centrifugal force. Exper¬ 
ience shows that sometimes these explosives ' Uj ' 

arcs grow into general flashes, while at other times, they are 
purely local. 

An extended study was made of such arcs to determine the 
conditions which produced them. Also, numerous tests were 
made, the results of which are given below. 

It was determined first that these explosives arcs between 
adjacent bars were dependent, in practically all cases, upon a 
fairly high voltage between bars. This was reasonable to expect, 
but it was found that the voltage between bars which would 
produce arcs in one case, would not do so in another. Apparently 
there were other limiting or controlling conditions. It developed 
that the resistance of the armature winding between two adja¬ 
cent bars has much to do with the arc. Apparently an excessive 
current is necessary to melt a small chunk out of a mass of good 
heat-conducting material like a large copper commutator; and 
also, a certain amount of time is required to bring it up to the 
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melt.im; point. Therefore, both (inn- and current tiro involved, 
as well as volt. aye. A series of tests was made to determine some 
uf the limiting renditions. 

'l'he eoimnutator of a small machine (about 20 kw., hiyli speed) 
was sprinkled wit It iron iilinys, tine dust, etc. < 1 urine, several 
da\'s’ operation under various conditions of load, field distortion, 
etc. Snell dust, whet her ci inductin;.; or not, apparently would not 
cause a reins.*, between bars, tlraphite was finally applied with a 
special “ wiper,” and with this, small ares or Hashes could be 
produced at at) to tit) volts maximum between commutator bars. 
It. soon became evident that this was loti small a machine from 
which to draw* conclusions. Then numerous other much larger gen¬ 
erators were tested. A low-speed engine type generator of 20U-kw. 
capacity at 2a0 volts, was speeded up to about double speed, 
in order to obtain sufficiently hiyh e.m.f. between commutator 
bars. With a clean commutator nothing, was obtained at 40 
volts maximum per bar. The commutator was then wiped with 
a piece of oily waste which had been used to wipe off other com¬ 
mutators, Ares then occurred repeatedly between commutator 
bars, although all such ares were confined to adjacent, bars and 
there were nil actual ilashmers from brush holder to brush holder. 
Moreover, the arcs ahvavs appeared to start about midway 
between brush arms or neutral pi tin Is. and lasted only until the 
next neutral point was reached, finite Inrye pits or cavities 
were burned in the liars next to the mica, as shown in I s ip- -• 
some of these behn; p>. ibi , > inch in width, and 1 Hi inch deep 
or more at the center Thi indicated excessively larye currents. 
These arcs would develop at about 42 to :U volts In-tween bars, 
and thev were very vicious (explosive! above 4o volts. 

Still lured' machines were tv-led with various speeds, voltaye 
between bars, etc It w,r loinn! that, a - a rule, the larger the 
machine or rather, tin* lower the rest stance of the armature 
winding per bar the town would be the volume at. which serious 
areiny would develop In the ., tests, it was found that yraphite 
mixed* with y.ivase pave the most sensitive areiiit; conditions, 
hi these various tests, no aiviny between bars was developed 
in any ease at less than 2K volts maximum, while HO volts was 
approximate!v the Hunt on mans machines, However, the 
results varied with the speed Apparently it took a certain time 
U* raise the incandescent material to the areiny point .and to build 
up a bit; are. Therefore, the duration of the possible amity 
period appeared to be involved If this were so, then a higher 
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voltage limit for a shorter time should be possible with the same 
arcing tendency. Also, if this were the case, then with 30 volts 
maximum, for instance, between commutator bars with an un¬ 
distorted field flux, the arcing should be the same as with a some¬ 
what higher voltage with a highly distorted narrow peaked field. 
In other words, the limiting voltage between bars on a loaded 
machine might be somewhat higher than on an unloaded machine. 
This was actually found to be the case, the difference being from 
10 per cent to 15 per cent in several instances. This, however, 
depended upon various limiting conditions such as the actual 
period within which the arc could build up to a destructive 
point, etc. 

One very interesting case developed w r hich apparently illus¬ 
trated very beautifully the effects of lengthening or shorten¬ 
ing the period during which the arc could occur. A high-speed, 
600-volt generator of a motor-generator set was speeded up 
about 60 per cent above normal. Even at normal speed this 
was a rather high-frequency machine, so that the period of 
time for a commutator bar to pass from neutral point to neutral 
point was very short. At the highest speed the graphite-grease 
was used liberally on the commutator, but without causing arc¬ 
ing, even when the voltage was raised considerably higher 
than usually required for producing arcs between bars in other 
machines of similar size. Neither was there much ring-fire 
at the highest speed with normal voltage. Finally, after an 
application of graphite, without forming arcs or unusual ring- 
fire, the speed was reduced gradually with normal voltage 
maintained. The ring-fire increased with decrease in speed, until 
at about normal speed, it was so excessive that the on-lookers 
expected an explosion of some sort. However, the voltage 
was now below the normal arcing point and nothing happened. 
At still lower speed, but with reduced voltage on account of 
saturation, the ring-fire gradually decreased. Apparently at 
the very high speeds, the time was too short for the ring-fire to 
reach its maximum; while with reduction in speed, even with 
somewhat reduced voltage, the ring-fire increased to a maxi¬ 
mum and then decreased. This test was continued sufficiently 
to be sure that it was not an accidental case. Only a certain 
combination of speed, frequency, voltage, etc., could develop 
this peculiar condition, and it was purely by accident that 
this combination was obtained, for the result was not foreseen 
in selecting the particular machine used. 
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A summation of these and other tests led to the conclusion 
that there were pretty definite limits to the maximum volts 
per bar, beyond which it was not safe to go. These limits 
however, involved such a number of conditions that no fixed 
rule could be established, and apparently, the designer has 
to use his judgment and experience to a certain extent, if he 
works very close to the limits. The grades and materials of 
the brushes, the thickness of .the mica, flux distortion from over¬ 
loads, etc. must be taken into account. For instance, the above 
tests were made on machines with 1/32-inch mica between bars. 
This thickness is fixed, to a great extent, in non-undercut 
commutators, by conditions of mica wear, as will be referred 
to later. But with undercut commutators, thicker mica can 
be used, and, while the gain in permissible safe voltage between 
bars is not at all in proportion to the mica-thickness, yet it is 
enough to deserve consideration. 

The general conclusions were that with 1/32-inch mica, 
large current machines w T ould very rarely flash with 28 volts 
maximum between bars; while with moderate capacities, 30 
volts is about the lower limit; and with still smaller machines, 
100 kw. for example, this might be as high as 33 to 35 volts, 
the limit rising to 50 or 60 volts with very small machines. 

Of course, the brush conditions have something to do with 
the above limits, and many exceptions to these figures will be 
found in actual practise. Many machines are in daily service 
which are subject to more or less ring-fire, but which have never 
developed trouble of any sort, and doubtless never will. Ap¬ 
parently, ring-fire in itself is not harmful, as a rule. It is only 
where it starts some other trouble that it may be considered as 
actually objectionable. 

The above limiting figures are interesting when compared 
- with the voltages necessary to establish arcs in general. An 
alternating arc through air will not usually maintain itself at 
less than some limiting voltage such as 20 to 25 volts, corres¬ 
ponding to peak values of 28 to 35 volts. Moreover, an arc 
formed between the edges of two insulated bodies, such as ad¬ 
jacent commutator bars, will naturally tend to rupture itself 
due to the shape of its path. Furthermore, the resistance and 
reactance of the short circuited path, while comparatively low 
in large machines, will tend to limit the voltage which main¬ 
tains the arc. In small machines with relatively high internal 
drops in the short-circuited coils, the current will not reach a 
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commutator vaporizing value unless the initial voltage between 
bars is comparatively high, and usually the explosive actions 
are relatively small, and, in many cases, no serious arcs will 
develop at all. Obviously, the less the local current can in¬ 
crease in the case of short circuits between adjacent bars, the 
higher the voltage between bars can be, without danger. In 
machines having inherent constant current characteristics , very 
high voltages between adjacent commutator bars are possible 
without serious flashing or burning. In consequence, from the 
flashing standpoint, constant current machines can be built for 
enormously high terminal voltages, compared with constant 
potential machines. This is a point which is very commonly 
overlooked in discussing high-voltage d-c. machines. 

Coming back to the subject of arcs between commutator 
bars, these are more common than is usually supposed, for, 
m many cases, the operating conditions are such that these 
arcs, if very small, or limited, will show no visible evidence. 
Only very minute particles of copper may be vaporized. How¬ 
ever, these minute arcs may sometimes lead directly to more 
serious^ flashing. If, for instance, they occur in proximity to 
some ive part of the machine, such as an over-hanging brush 
holder which is at a considerable difference of potential from 
the arcing part of the commutator, the conducting vapor may 
bridge across and start a big arc or flash. In one instance, 
which the writer has in mind, a very serious case of trouble 
occurred m this way. This was a very large capacity 250- 
volt, low-speed, generator, in which the maximum volts per 
bar were not unduly high. When taking the saturation curve 
m the shop test, this machine “bucked” viciously several 
tunes, apparently without reason. An investigation of the 
burning indicated a possible source of trouble. The brush 
holder arms or supports to which the individual holders were 
attached, were located over the commutator about midway 
between neutral points, and, about one inch from the com¬ 
mutator face. This was not the normal position of the brush 
arms, as a temporary set of holders was being used for this test 
It was noted that just before the flashovers occurred con- 
siderable ring-foe developed. The conclusion was drawn from 
H the evidence that could be obtained, that a small arc had 
formed between bars that had reached to the brush arms thus 
short circuiting a high enough voltage to draw a real ’flash 
This happened not once but several times. The proper holders 
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were then applied, which put the brush arms in a much less 
exposed position, and not a single flashover occurred m all the 
subsequent tests and operation. In another case, a large syn¬ 
chronous converter carrying full load on shop test flashed over 
a number of times, apparently without sufficient cause. The 
commutation was perfect, as evidenced by the fact that there 
was no perceptible sparking. The maximum voltage between 
bars was comparatively low. At first the flashovers were 
blamed on drops of water from the roof of the building, but 
this theory was soon disproved. An examination of the brush 
holders showed that certain live parts, fairly close to the com¬ 
mutator, were at a considerable difference of potential from the 
nearest'part of the commutator. There was but little ring- 
fire on the commutator, and therefore, minute arcs at first were 
not blamed for the trouble. A modified brush holder was tried 
however, with a view to decreasing the high difference of poten¬ 
tial between the live parts. All flashing then disappeared and 
no trouble of this sort was ever encountered in a large number 
of duplicate machines brought through afterward's. Both the 
above cases should be considered as abnormal, and they have 
been selected simply as examples of what small arcs between 
bars may do. These two cases do not in themselves constitute 
a proof of this action, but they serve to verify other evidences 
which have been obtained. 

In view of the fact that small arcs of a non-explosive sort 
may form at voltages considerably lower than the limits given 
in the preceding part of this paper, it should be considered 
whether such small arcs can cause any trouble if no other live 
parts of the machine are in close proximity. One case should 
be considered, namely, that of other commutator bars adjacent 
to the arc. When conducting vapor is formed by the first 
minute arc, this vapor in spreading out may bridge across a 
number of commutator bars having a much higher total differ¬ 
ence of potential across them than that which caused the initial 
arc. Assume, for instance, a very crowded design of high- 
voltage commutator. In some cases, in order to use high rota¬ 
tive speeds, without unduly high commutator peripheral speed, 
the commutator bars are sometimes made very thin and the 
volts per bar very high, possibly up almost to the limit. As¬ 
suming a thickness of bar and mica of 0.2 inch (or 5 bars per 
inch) and a maximum volts per bar of 25, then there is an e.m.f. 
of 125 volts per inch circumference of the commutator. In such 
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case, a small arc between two bars may result in bridging across 
a comparatively high voltage through the resulting copper 
vapor. Therefore, when considering the possible harmful effects 
of minute arcs, the volts per inch circumference of the commuta¬ 
tor should be taken into consideration. The writer observed 
one high-voltage commutator 'which flashed viciously at times, 
apparently without u provocation.” The only explanation he 
could find was that the vapor from little arcs resulting from 
ringfire was sufficient to spread all over the commutator, the 
bars being very thin and the voltage per bar very high. How¬ 
ever, difficulties from this cause have not yet become serious, 
probably because no one has yet carried such constructions to 
the extreme, in practical work. 

High voltage between commutator bars may result in fash¬ 
ing due to other than normal operating conditions. Excessive 
overloads may give such high voltages per armature coil or per 
commutator bar, immediately under the brush, that the terrific 
current rush will develop conducting vapors under the brush, 
which appear immediately in front of the brushes, as such vapors 
naturally are carried forward by rotation of the commutator. 
This short circuit condition under the brush has already been 
referred to when treating of commutation limits. It w^as shown 
then that an inherent short circuit voltage of 4 to 4| volts is 
permissible in good practise. Immediately under the com¬ 
mutating pole this voltage is practically neutralized by the 
commutating pole field, but immediately ahead or behind the 
pole it is not neutralized usually, except to the extent of the 
commutating pole flux fringe. Thus, the resultant voltage 
between two bars a little distance ahead of the brush, is liable 
to be considerably higher than under the brush. Assuming, f 
for instance, 3* volts per bar, due to cutting the resultant field 1 
just ahead of the brush, then with 10 times full load current, j 
for example, there would be 35 volts between bars, and this is j 
liable to be accompanied by highly conducting vapor formed 
by the excessive current at the brush contact, this vapor being 
carried forward by rotation of the commutator. Here are the 
conditions for a flash, 'which may or may not bridge across to 
some other live part. If the current rush is not too great, this 
flash will usually appear only as a momentary blaze just in 
front of the brush. In many cases, if this blaze or heavy arc 
were not allowed to come in contact with, or bridge between 
any parts having high difference of potential, it would not be 



1915] 


LAMME: COMMUTATION 


1761 


particularly harmful. In case of “dead short-circuiting ” of 
large moderately high-voltage machines where the current can 
rise to 25 or 30 times normal, it is astonishing how large such 
arcs or flashes may become, and to what distances they will 
reach. The arc will sometimes go in unanticipated directions. 
The conducting vapor may be deflected by magnetic action 
and by air drafts. Shields or partitions will sometimes pro¬ 
duce unexpected results, not necessarily beneficial. Unless 
such shields actually touch the commutator face so that con¬ 
ducting vapor cannot pass underneath them, the vapor that 
does pass underneath may produce just as harmful results as 
if the shields were not used. Trying to suppress' such arcs by 
covers or shields is very much the case of damming a river at 
the wrong end in order to prevent high water. 

From the preceding considerations it would appear that a 
compensated direct-current machine should have some ad¬ 
vantages over the straight commutating-pole type in case of a 
severe short circuit. With the lesser saturation in the com¬ 
mutating pole circuit due to the lower leakage, the apparent 
armature short circuit e.m.f. will usually be better neutralized 
under extreme load conditions, and thus there will -be lower 
local currents in the brush contacts. In addition, the armature 
flux will be practically as well neutralized behind and ahead 
of the brush, as it is under the brush, so that, with ten times 
current as in the former example, there may be only a low 
e.m.f. per bar ahead of the brush, instead of the 35 volts for 
the former case. Obviously, the initial flashing cause, and the 
tendency to continue it ahead of the brush, will be materially 
reduced. The compensating winding is therefore particularly 
advantageous in very high voltage generators, in which the 
bars are usually very thin and the maximum volts per bar are 

high ' . . , , 
There is a prevailing opinion that when a circuit breaker 

opens on a very heavy overload or a short circuit, flashing is 

liable to. follow from such interruption of the current. In some 

cases, this may be true. However, when a breaker opens on 

a short circuit, it is difficult for the observer to say whether both 

the opening of the breaker and the flash are due to the excessive 

momentary current, or one is consequent to the other. The 

short circuit, if severe, will most certainly cause more or less 

of a flash at the brush contacts by the time the breaker is opened, 

and if this flash is carried, around the commutator, or bridges 
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across two points of widely different potentials, then it is liable 
to continue after the breaker opens, and thus gives the im¬ 
pression that the flashing followed the interruption of the cir¬ 
cuit. In railway and in mine work in particular, a great many 
flashes which are credited to overloads are primarily caused by 
partial short circuits on the system, or “ arcing shorts,” which 
are extinguished as soon as the main breakers are opened, so 
that but little or no evidence of any short circuit remains. 
Such a partial short circuit, however, may be sufficient to open 
the generator circuit and to cause a flash at the same time. 
Not infrequently, such flashes are simply credited to opening 
of the breakers. 

There are other conditions, however, where a flash is liable 
to result directly from opening tfle breaker on heavy overload. 
If, as referred to before, the apparent short circuit e.m.f. per 
brush on heavy overload is from 25 to 35 volts, then if the 
armature magnetomotive force could be interrupted suddenly, 
vith a correspondingly rapid reduction in the armature flux, 
while the commutating field flux does not die down at an equally 
rapid rate, then momentarily, there will be an actual short 
circuit voltage of a considerable amount under the brushes 
which may be sufficient to circulate large enough local currents 
to start flashing. With commutating pole machines, this con¬ 
dition may result from the use of solid poles and solid field 
yokes. . Laminated commutating poles are sometimes very much 

° { an . }BP T0 ^ment. ^ However; the yokes of’“ practically all 

direct current machines are of solid material, and thus tend to 
gi\ e sluggishness in flux changes. The above explains why non- 
ind uctiv e shunts, or^ any close d cir cuits whatever, are usually 
ogecEionable on commutating poles or their windings. 

In non-commutating pole machines, where the brushes are 
liable to be shifted under the main field magnetic fringe in 
order to commutate heavy loads, flashing sometimes results, 
when such heavy overload is interrupted. 

[ Also ’ lf the ru P ture of the current is very sudden, there will 
|be an inductive “kick” from the collapse of the armature 
magnetic field. This rise, in voltage sometimes is sufficient to 
start a flash, especially in those cases where flashing, limits are 
already almost reached. 

In synchronous converters, the conditions are materially 
different from d-c. generators as regards flashing when the 
load is suddenly broken. In such machines, the flash is liable 
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to follow the opening of the breaker, if simply a heavy over- 
load is interrupted. This is possibly more pronounced in the 
commutating pole machine than in the non-commutating pole 
type. In a commutating pole converter, the commutating 
pole magnetomotive force is considerably larger than the re¬ 
sultant armature magnetomotive force, under normal opera¬ 
ting conditions, but is much smaller than the armature magneto¬ 
motive force considered as a straight d-c. or a-c. machine. 
Normally the commutating pole establishes a commutating 
field or flux in the proper direction in the armature. However, 
if, for any reason, the converter becomes a motor or a generator, 
even momentarily, the increased magnetomotive force of the 
armature may greatly exceed that of the commutating pole, 
so that the commutating pole flux will be greatly increased, or 
it may be greatly reduced, or even reversed, depending upon 
which armature magnetomotive force predominates. 

The above is what happens when a synchronous converter» 
hunts, and under the accompanying condition of variable j 
armature magnetomotive force, the commutating pole con¬ 
verter, with iron directly over the commutating zone, is liable 1 
to show greater variations in the flux in the commutating zone I 
than is the case in the non-commutating pole converter. Ex- I, 
perience has shown that when a synchronous converter carry- j 
ing a heavy overload has its direct-current circuit suddenly t 
interrupted, it is liable to hunt considerably for a very short ) 
period, depending upon the hunting constants of the individual j 
machine and circuit. Apparently, all converters hunt to some j 
extent with such change in load. This hunting means wide j 
variations in the commutating pole flux with corresponding j 
sparking tendencies. For a “ swing ” or two, this sparking j 
may be so bad as to develop into a flash. Thus the flash follows \ 
the interruption of the circuit. 

Curiously, the most effective remedy for this condition is 
one which has proved most objectionable in d-c. machines, 
namely, a low-resistance closed electric circuit surrounding the 
commutating pole. The primary object of this remedy is not 
to form a closed circuit around the commutating field, but to 
obtain a more effective damper in order to minimize hunting. 

In a paper presented before the Institute several years ago,* 
the writer showed that the ideal type of cage winding for damp- 

*Interpoles in Synchronous Converters, by B. G. Lamme and F. D. 
Newbury, A. I. E. E. Trans., Vol. XXIX, 1910, p. 1625. 
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ing synchronous converters, namely, that in which all circuits 
are tied together by common end rings, was not suitable for 
commutating pole converters, due to the fact that the various 
sections of this cage winding form low-resistance closed circuits 
around the commutating poles. This was in accord with all 
evidence available to that time, and no one took exception to 
it. However, later experience has shown that this was incor¬ 
rect, for, in later practise, it was found that the use of a complete 
cage damper of low resistance which decreases the hunting 
tendency, also greatly decreases the flashing tendency, so that 
today most converters of the commutating pole type are being 
made with complete cage dampers. Apparently, the flashing 
tendencies in converters due to hunting are much worse than 
those due to flux sluggishness. Therefore, a sacrifice can be 
made in one for the benefit of the other. 

In the case of a dead short circuit on the d-c. side of a syn¬ 
chronous converter, there is liable to be flashing, just as in the 
d-c. machine, and the flash and the breaker opening are liable 
to occur so closely together that an observer cannot say which 
is first. 

In d-c. railway motors, flashing at the commutator is. not 
an uncommon occurrence. One rather common cause of flash¬ 
ing, especially at high speed, is due to jolting the brushes away 
from the commutator, due to rough track, etc. This is espe¬ 
cially the case with light spring tension on the brushes. The 
carbon breaks contact with the copper, forming an arc which 
is carried around. Another prolific source of flashing is due 
to opening and closing the motor circuit in passing over a gap 
or dead section in a trolley circuit. Here the motor current 
is entirely interrupted, and, after a short interval, it comes on 
again, without any resistance in circuit except that of the motor 
itself. If the current rush at the first moment of closing is 
not too large, and if the armature and field magnetic fluxes 
build up at the same rate, then there is usually but small danger 
of a flash, except under very abnormal conditions. The rapidly 
changing field flux however generates heavy currents under 
the brushes, thus tending toward flashing. The reactance of 
the motor, especially of the field windings, limits the first cur¬ 
rent rush to a great extent. According to this, closed second¬ 
ary circuits of low resistance around either the main poles or 
the commutating poles, should be objectionable, and experience 
bears this out. 
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In railway armatures, as a rule, fewer commutator bars per 
pole are used on the average than in stationary machines of 
corresponding capacity, except, possibly, in large capacity 
motors. This is due largely to certain design limitations in 
such apparatus, but this has doubtless been responsible for a 
certain amount of flashing in such apparatus. 

Average E.M.F. and “ FieldForm ” A rather common prac¬ 
tise has been to specify the average volts per bar in a given 
machine. This, in itself, does not mean anything, except in a very 
general way; for the limit is really fixed by the maximum volts 
per bar, as already shown, and there is no fixed relation between 
the average and the maximum volts per bar. The ratio be¬ 
tween these two voltages is dependent upon the field flux dis¬ 
tribution—that is, the “ field form. 77 In practise, this ratio 

varies over a wide range, depending upon the preferences of 
the designer, upon limitations of pole space available, etc. 
Also, with load, it depends upon the amount of flux distortion 
of the field, which, in turn varies greatly in practise. In well 
proportioned modern machines, where space and other limita¬ 
tions permit, the average e.m.f. per bar is about 70 per cent 
of the maximum at no load, and about 55 per cent to 60 per 
cent with heavy load. This means that about 15 volts per 
bar, average, is the maximum permissible, in large machines 
with considerable field distortion, if a maximum of 28 volts 
per bar is not to be exceeded. On this basis, a 600-volt machine 
should therefore have not less than 40 commutator bars per 
pole. However, this is with considerable field distortion. If 
this distortion is reduced or eliminated, the average volts can 
be considerably higher, as in machines with high saturation in 
the pole faces, pole horns and 'armature teeth, or with com¬ 
pensated fields. Synchronous converters are practically self- 
compensated and can therefore have higher limits than the 
above, if the normal rated e.m.f. is never to be exceeded. How¬ 
ever, in 600-volt converter work, in particular, wide variations 
sometimes momentarily occur, up to 700 to 750 volts, and such ffl 
machines should have some margin for such voltage swings. 
The ordinary 600-volt d-c. generator also attains materially 
higher voltages at times, which would be taken into account 
in the limiting voltage per commutator bar and the total number 
of commutator bars per pole. 

Obviously, the “ fatter ” the field form, the nearer the aver¬ 
age voltage can approach the maximum. With an 80 per cent 
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field form, instead of 70 per cent, for instance, the number of 
bars per pole can be reduced directly as the polar percentage 
is increased; and 35 bars per pole with 80 per cent would be as 
good as 40 bars with 70 per cent assuming the same percentage 
of field distortion in both cases. An increase in the polar arc 
will tend toward increased distortion, but the reduced number 
of turns per pole should practically balance this, so that, other 
things being unchanged, the flux distortion should have prac¬ 
tically the same percentage as before. 

In large machines of very high speeds, large polar percentages, 
—that is, large “ field form constants,” are very advantageous, 
but are not always obtainable, due to the space required for the 
commutating pole winding. In compensated field machines, 
with their smaller commutating pole windings, the conditions 
are probably best for high field -form constants, and high aver¬ 
age volts per bar; and thus this type often lends itself very 
well to those classes of ma¬ 
chines where the minimum 
possible number of commu¬ 
tator bars is necessary. This 
is the case with very high 
speeds, and also for very high 
voltage machines. 

| Usually it is considered that 
the commutating conditions 
jbf a machine are practically the same with the same current, 
fwhether it be operated as a generator or motor. However, 

I when it comes to flashing conditions, there is one very consider¬ 
able difference between the two operations. In the d-c. gen¬ 
erator, the field flux distortion by the armature is such as to 
crowd the highest field density, and thus the highest volts 
j per bar, away from the forward edge of the brushes. In the 
j rnotor, the opposite is the case, and therefore there is a steeply 
j rising field, and a corresponding e.m.f. distribution in front of 
j the brushes. As the flash is carried in the direction of rotation 
| ma Y be seen that, in this particular, the generator and motor 
l are different. 

Blackening and Burning—High Mica—“ Picking Up ” 

Copper 

In the preceding, certain limitations of commutation and 
flashing have been treated. There are, in addition, a number 
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of other conditions which are related closely to commutation, 
and which have already been touched upon to a limited extent. 
One of these is the permissible current density in the brushes 
or brush contacts. 

As brought out before, there are two currents to be con¬ 
sidered, namely, the work current which flows to or from the 
outside circuit, and the local or short-circuit current which is 
purely local to the short circuited coils and the brush. The 
true current density is that due to the actual resultant current 
in the brush tip or face, which is very seldom uniform over the 
whole brush tip. The “ apparent ” current density is that due 
to the work current alone—assumed to be uniform over the 
brush tip. The current density very commonly has been as¬ 
sumed as the total work current, in and out, divided by the 
total brush section, and, moreover, this has been considered 
as the true current density, the local or short-circuit currents 
being neglected altogether. This method of considering the 
matter has been very misleading, resulting in many cases, in 
a wrong or unsuitable size of brush being used just to meet 
some specified current density. In many of the old, non-com- 
mutating pole machines, the local currents w'ere predominant 
under certain conditions of load, for the brushes, as a rule, had 
to be set at the best average position, -so that, at some average 
load, the commutating conditions would be best. At higher 
and lower loads, the short-circuit currents were usually com- ( 
paratively large. The "wider the brush contact circumferen- | 
tially, the greater would be the short-circuit currents and the i 
higher the actual current density at one edge of the brush,I 
while the apparent density would be reduced. Thus, in at-fc 
tempting to meet a low specified current density, the true den- | 
sity would be greatly increased. The fallacy of this procedure , 
was shown in many cases in which the brush contact was very ) 
greatly reduced by grinding off one edge of the brush. Very j 
often, a reduction in circumferential width of contact to one- j 
half resulted in less burning of the brush face. The apparent j 
density was doubled but the actual maximum density was 
actually reduced. Many of these instances showed very j 
conclusively that much higher true current densities were prac -1 
ticable, provided the true and apparent densities could be ; 
brought more nearly together. This is what has been accom- j 
plished to a considerable extent in the modem well-designed ’ 
commutating pole machine. In such machines, the current dis- 
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tribution at the brush face is nearly uniform under all condi¬ 
tions of load. It is not really uniform, even in the best machines; 
but the variations from uniformity, while possibly as much as 
50 per cent in good machines, is yet very small compared with 
the variation in some of the old non-commutating pole machines. 
In consequence, it has been possible to increase the apparent 
current densities in the brushes in modern commutating pole 
machines very considerably above former practise, while still 
retaining comparatively wide brush faces. In fact, the width 
of the brush contact circumferentially is not particularly limited 
if the commutating field flux can be suitably proportioned; 
that is, where a suitable width and shape of commutating field 
can be obtained. In many of the old time machines, an ap¬ 
parent density of 40 amperes per square inch under normal 
loads was considered as amply high, while at the present time, 
with well proportioned’ commutating poles, 50 per cent higher 
apparent densities are not uncommon. However, experience 
shows that the same brushes, with perfectly uniform distribu¬ 
tion of current at the brush face, can carry still higher currents. 
Therefore, in modern commutating pole machines, the actual 
upper limit of brush capacity is not yet attained. But there 
are reasons why this upper limit is not practicable. One reason 
is that already given, that uniform current distribution over 
the brush face is seldom found. This means that a certain 
margin must be allowed for variations. A second reason lies 
in the unequal division of current between the various brushes 
and brush arms. This may be due initially to a number of 
different causes. However, when a difference in current once 
occurs, it tends to accentuate itself, due to the negative co¬ 
efficient of resistance of the carbon brushes and brush contacts. 
If one of the brushes, for instance, takes more than its share of 
current for a period long enough to heat the brush more than 
the others, then its resistance is lowered and it tends to take 
still more current. If there were no other resistance in the 
current path, it is presumable that the parallel operation of 
carbon brushes would be more or less unsatisfactory. In the 
practical case, however, instead of the operation being im¬ 
practicable, it is merely somewhat unstable. Unequal division 
of current between the brushes on the same brush arms, is to 
some extent, dependent upon the total current per arm. Where 
there are many brushes in parallel and the total current to 
be carried is very large, it is obvious that one brush may take 
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an excessively large current without materially decreasing the 
current carried by the other brushes. As a rule, the larger 
the current per arm, the more difficult is the problem of prop¬ 
erly balancing or distributing the current among all the brushes. 
Schemes have been proposed, and patented, for forcing equal 
division, but, as a rule, they have not proved very practicable, 
although some comparatively simple expedients have been 
tried out with a certain degree of success. 

In the same way, the division of current among brush arms 
of the same polarity is not always satisfactory. 50 per cent 
variation of current between different arms is not very unusual, 
and the writer has seen a number of instances where the varia¬ 
tion has been 100 per cent, or even much more. Obviously, 
with such variation, it is not practicable to work the brushes up 
to the maximum density possible, for some margin must be 
allowed for such unbalancing. 

Experience has shown that when current passes through 
a moving contact, as from a brush to the commutotojcopB^r, 
or vice versa,, a certain action take place which resembles.elec¬ 
trolytic action to some extent, although it is not really electro¬ 
lytic. It might also be said to resemble some of the actions 
which take place in an arc. Minute particles appear to be 
eaten or burned away from one contact surface, and these are 
sometimes deposited mechanically upon the opposing surface. 
The particles appear to be carried in the direction of current 
flow, so that if the current is from the carbon brush to the 
copper, the commutator face will tend to darken somewhat, 
evidently from deposition of carbon. If the current is from 
the copper to the carbon, the brush face will sometimes tend 
to take a coating of copper, while the commutator face will 
take a clean, and sometimes raw, copper appearance. As the 
current is in both directions on the ordinary commutator, this 
action is more or less averaged, and therefore is not usually 
noticed. With one polarity or direction of current, the com¬ 
mutator face eats away, while with the other direction, the 
brush face is eaten away and may lose its gloss. 

The above action of the current gives rise to a number of 
limiting conditions in direct-current practise. Experience shows 
that this “ eating away ” action occurs with all kinds of brushes, 
and with various materials in the commutator. It appears to 
be dependent, to a considerable extent, upon the losses at the 
contact surface. In other words, it is dependent upon both the 
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current and the contact drop. With reduction in contact drop, 
this burning action apparently' is decreased, but in commutating; 
machinery, this reduction cannot be carried very far, in most 
cases, on account of increase in- short circuit current, which, 
nullifies the gain in contact drop. In fact, in each individual 
machine, there is some critical resistance which gives least loss 
and least burning at the contact surfaces. 

Practise has shown that this burning action is very slow at 
moderate current densities in carbon and graphite brushes— 
so slow as usually to be unnoted. However, if the actual 
current density in the brush face is carried too high, the burn¬ 
ing of the brushes may become very pronounced. With the 
actual work current per brush usual in present practise, the 
burning of the brush face may usually be credited to local cur¬ 
rents in the brushes. This is one pretty good indication of 
the presence of excessive local currents. It also indicates the 
location and direction of such currents, but is not a very exact 
quantitative measure of them. It is not uncommon, in exam¬ 
ining the brushes of a generator or motor, to find a dull black 
area under one edge of the brush, which obviously has been 
burned, while the remainder of the brush face is brightly polished. 
In severe cases, practically as good results will be obtained 
if the burned area is entirely cut away by beveling the edge 
of the brush. 

This eating away of either the brush face or the commutator, 
and the deposit upon the opposing face, leads to certain very 
harmful conditions in direct-current machinery. As stated 
before, if the true current density is kept sufficiently low in 
the contact face, the burning is negligibly small in most cases. 
However, where the current passes from the commutator to 
the brush, it is the commutator copper which eats away, while 
the mica between commutator bars does not eat away, but must 
be worn away at the same rate that the copper is burnt, if good 
contact is to be maintained. Let the burning of the copper 
gain ever so little on the wear of the mica, then trouble begins. 
The brush begins to “ ride ” on the mica edges and does not 

( make true contact with the copper. This increases the burn¬ 
ing action very rapidly, so that eventually the mica stands 
well above the copper face. This is the trouble usually known 
as “ high mica.” It is frequently credited to unequal rates 
* of wear of copper and mica. This idea of unequal wear has 
been partly fostered by the fact that with relatively thick 
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mica, the action is greatly increased, or, with very thin com¬ 
mutator bars, with the usual thickness of the mica, the high mica 
trouble becomes more serious. In both these latter cases, it 
is the higher percentage of mica, that is, the relatively poorer 
wearing characteristics of the mica itself, which is at fault. 
But the commutator copper does not wear away. In fact, it 
is not physically possible for it to wear below the mica. It is 
“ eaten away ” or burned, as described above. In some special 
cases, where this burning is unusually severe, the mica apparently 
wears down about as fast as the copper, so that the commutator 
remains fairly clean and has no particularly burnt appearance, 
but grooves or ridges, showing undue wear. But this rapid 
apparent wear is a pretty good indication that excessive burn¬ 
ing action is present at times, usually due to excessive local 
currents. In some cases, this burning action may be present 
only during heavy or peak loads which may be so interspersed 
with periods of light running that the true wear of the mica 
catches up with the burning of the copper. In such cases, the 
commutator may have a beautiful glossy appearance normally, 
but may wear in grooves and ridges. On account of this burn¬ 
ing action, practise has changed somewhat in regard to stagger¬ 
ing of brushes on commutators to prevent ridging between the 
brushes. Formerly, it was common practise to displace all 
the positive brushes one direction axially, and the negatives 
in the other direction, in order to have the brushes overlap. 
This, however, did not entirely prevent ridging, for the burning 
of the copper occurred only under one polarity. It is now con¬ 
sidered better practise to s tagg er the arms i n pair s. 

With commutating pole machines, the true current densities 
in the brushes are carried up to as high a point as the non¬ 
burning requirements will permit. Reduction in local currents 
has been accompanied by increase in the work current density. 
Therefore, conditions for burning and high mica are still exist¬ 
ent, as in non-commutating pole machines. In recent years, 
a new practise, or rather an extension of an old practise, has 
been very generally adopted, namely, undercutting the mica 
between bars. In early times, such undercutting was practised 
to a certain extent, usually however, to overcome mica troubles 
principally. In the newer practise, such undercutting is pri¬ 
marily for other reasons, although the mica problem is partly 
concerned in it. During the last few years, extended experi¬ 
ence has shown that graphite brushes, or carbon brushes with 
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considerable graphite in them, are extremely good for collect¬ 
ing current, but on the other hand, are very poor when it comes 
to wearing down the mica, due to their softness or lack of ab¬ 
rasive qualities. Due to the graphite constituent, such brushes 
are largely self-lubricating, and therefore, “ride’ 7 more smoothly 
on the commutator than the ordinary carbon brush. They are 
therefore much quieter, and this is a very important point with 
the present high speeds which are becoming very much the 
practise. However, by undercutting the mica, all difficulty 
from lack of abrasive qualities in the brush is overcome, and 
thus the good qualities of such brushes could be utilized. The 
advantage of self-lubricating brushes should be apparent to 
anyone who has had difficulties from cl attering and vibration 
of brushes, due to lack of lubrication. Such chattering may 
put a commutator “ to the bad ” in a short time, and the con¬ 
ditions become cumulatively worse. Chattering means bad 
contact between the brush and commutator, which in turn, 
means sparking and burning, which means increased chatter¬ 
ing or vibration. 

The above refers to burning of the commutator face. But 
such burning also may have a bad effect on the brushes. When 
the commutator copper burns away to any extent, it may de¬ 
posit on the brush face following the direction of the current. 
This coating on the brush face sometimes leads to serious 
trouble, by lowering the resistance of the contact surface. This 
not only allows larger short-circuit current and greater heating 
of the brush, but it makes the resistance of that particular 
path lower than that of other parallel brush paths. In con¬ 
sequence, the coated brush takes an undue share of the total 
current, as well as an unduly large local current. The result¬ 
ant heating may be such that the brush actually becomes red 
hot or glows. This heating further reduces the resistance, 
and tends to "maintain the high temperatures. This glowing 
or overheating very frequently causes disintegration of the bind¬ 
ing or other material in the brush, so that it gradually honey¬ 
combs at or near its tip. This action may keep up until the 
brush makes bad contact. It may be that a similar action may 
occur coincidently on other brushes, but, there is no uniformity 
about it. This action of transferring copper to the brush is 
sometimes known as “ picking up copper.” It is not limited 
to brushes of one polarity., except where the metallic coating 
is caused primarily by the work current. Where it results from 
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high local currents, it may be on the brushes of either polarity, 
for the local currents go in and out at each brush. However, 
according to the writer’s experience, this coating is more com¬ 
mon on the one polarity. 

Glowing and honeycombing of brushes is not necessarily 
dependent upon the metallic coating on the brushes, although 
this latter increases the action. Anything that will unduly in¬ 
crease the amount of current in any brush contact for a period 
long enough to result in heating and lower contact resistance, 
with brushes in parallel, may start this glowing and honey¬ 
combing. It is not as common an action in modern machines 
as in old-time ones. 

As an evidence that poor contact or high contact drop tends 
to produce burnirfg, may be cited the fact that, in many cases 
of apparent rapid wear of the commutators, such wear has 
been practically overcome by simply undercutting the mica 
and thus allowing more intimate contact between brush and 
copper. In some instances, this also lessened or eliminated 
the tendency to pick up copper. Thus undercutting has been 
very beneficial in quite a number of ways. 

Number of Slots, Conductors per Slot, Etc. 

There are certain limitations in direct-current machines, de¬ 
pending upon tlie minimum number of slots per pole which can 
be used. Provided satisfactory commutating conditions can 
be obtained, it is in the direction of economy of design to use 
a relatively low number of slots per pole, with a correspond¬ 
ingly large number of coils per slot. This is effective in several 
wavs. In the first place, insulating space is saved, thus allow¬ 
ing an increase in copper or iron sections, either of which al¬ 
lows greater output. In the second place, wider slots are favor¬ 
able to commutation. Thus the natural tendency of d-c. de¬ 
sign is toward a minimum number of slots per pole. But if 
this is carried too far, certain objections or disadvantages arise 
or become more prominent, so that at some point they over¬ 
balance the advantageous features. As the slots are widened 
and the number of teeth diminished, variations in the reluct¬ 
ance of the air gap under the main poles, with corresponding 
pulsations in the main field flux, become more and more pro¬ 
nounced. These may effect commutation, as the short-cir¬ 
cuited armature coils form secondary circuits in the path of 
these pulsations. But before this condition becomes objec- 
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tionable, other troubles are liable to become prominent, such 
as “ magnetic noises,” etc. If the machine is of the commutat¬ 
ing pole type, there are liable to be variations in the commutat¬ 
ing pole air gap reluctance, so that it may be difficult to obtain 
proper conditions for commutation. A relatively wide com¬ 
mutating zone is required if there are many coils per slot; also, 
all the conductors per slot usually will not commutate under 
equal conditions, which may result in blackening or spotting 
of individual commutator bars symmetrically spaced around 
the commutator, corresponding to the number of slots. In non¬ 
commutating pole machines, it may be difficult to find a suit¬ 
able field or magnetic fringe in which to commutate, and thus 
the first and last coil in each slot will have quite different fluxes 
in which to commutate. 

Depending upon the relative weight of the various advant¬ 
ages and disadvantages of a small number of slots per pole, 
practise varies greatly in different apparatus. In small and 
medium capacity railway motors, where maximum output in 
minimum space is of first importance, and where noise, vibra¬ 
tions, etc. are not very objectionable, the number of slots per 
pole used is probably lower than in any other line of d-c. ma¬ 
chines, six to eight per pole being rather common. In the 
smaller and medium size stationary motors, where noise must 
be avoided, a somewhat larger number of slots is used in gen¬ 
eral, depending somewhat upon the size of the machine. On 
still larger apparatus, excepting possibly, small low-speed en¬ 
gine type generators, 10 slots or more per pole are used in 
most cases, and, in general, more than 12 are preferred. In 
the large 600-volt machines, the number is fixed partly by the 
minimum number of commutator bars per pole, and the num¬ 
ber of coils per slot. Assuming three coils per slot, then with 
a minimum number of commutator bars of about 40 per pole, 
the minimum number of slots per *pole will be 14, and with 
two bars per slot, will be correspondingly larger. This there¬ 
fore represents one of the limits in present practise. 

Noise, Vibration, etc . Mention has been made of limita¬ 
tions of noise and vibration being reached, in considering the 
minimum number of slots. This is a very positive limitation 
in design, especially so in recent years, when everything is being 
carried as close as possible to all limits in economies in materials 
and constructions. All the various conditions which cause 
undue noises in electrical apparatus are not yet well known, 
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and the application of remedies is more or less a question of 
“ cut-and-try.” 

A fundamental cause of noise in direct-current machines lies 
in very rapid pulsations or fluctuations in magnetic conditions. 
This has been well known for years, and many solutions of the 
problem of preventing such variations in magnetic conditions 
from setting up vibrations and consequent noise,, have been 
proposed, but many of them appear to hold only for the particu¬ 
lar machine, or line of machines, for which they were devised. 
A perfectly good remedy in one machine not infrequently 
proves an utter failure on the next one. There are certain 
remedies for noise in direct-current machines which apply pretty 
generally to all machines, but, as a rule, such remedies mean more 
expensive constructions. In general, large air gaps and gradual 
tapering of the flux at the pole edges tend toward quiet opera¬ 
tion. A large number of slots per pole tends toward quietness. 
However, the trend of design has been toward very small air 
gaps, especially in recent designs of small and moderate size 
d-c. motors; also, the aim has been to use as few armature slots 
as possible. Moreover, newer designs with steel or wrought 
iron frames, as a rule, have the'magnetic material in the frames 
reduced to the lowest limit that magnetic conditions will per¬ 
mit. Also, with the general use of commutating poles, the 
tendency has been toward “ strong ” armatures and corres¬ 
pondingly weak fields, so that the total field fluxes and field 
frames are relatively small compared with the practise of a 
few years ago. With these small frames, resonant conditions 
not infrequently are encountered, especially in those machines 
which are designed to operate over a very wide range in speed. 
There is liable to be some point in the speed range where the 
poles or frame, or some other part, is properly tuned to some 
pulsating torque or “ magnetic pull ” in the machine. In such 
case, a very slight disturbance of a periodic nature may act 
cumulatively to give a very considerable vibration and conse¬ 
quent noise. 

The pulsations in magnetic conditions which produce vibra¬ 
tion may be due to various causes, but, as a rule, the slotted 
armature construction is at the bottom of all of them. Open 
type armature slots usually are much worse than partially 
closed slots. Such open slots produce “tufting” or “bunch¬ 
ing ” of the magnetic flux between the field and armature, and 
it is this bunching of flux which usually, in one form or another, 
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produces a magnetic pulsation or pull which sets up vibration. 
This bunching of lines may be such as to set up pulsating mag¬ 
netic pulls at no-load as well as full load. In other cases, the 
ampere turns in the armature slots tend to exaggerate or accen¬ 
tuate the bunching so that the vibration varies with the load. 
This bunching of the flux may act in various ways. The total 
air gap reluctance between the armature and main poles may 
vary or pulsate, so that the radial magnetic pull between any 
main pole and the armature will pulsate in value. If the re¬ 
luctances under all the poles are varying alike, then these 
pulsating radial pulls will tend to balance each other at all 
instants. However, if the reluctances under the different poles 
do not vary simultaneously, then there are liable to be un¬ 
balanced radial magnetic pulls of high frequency, depending 
upon the number of armature teeth, speed of rotation, etc. 
If this frequency is so nearly in tune with the natural period 
of vibration of some part of the machine, such as the yoke, 
poles or pole horns, armature core and shaft, that a resonant 
condition is approximated, then vibration and noise are almost 
sure to occur. 

Radial unbalanced pulls, as described, are liable to occur when 
the number of armature teeth is other than a multiple of the num¬ 
ber of poles; and the smaller the number of teeth per pole, the 
larger will be the unbalancing in general. As a remedy, it 
might be suggested that the number of armature slots always 
be made a multiple of the number of poles. However, there are 
several objections to this. One serious objection is that, on 
small and moderate size d-c. machines, the two-circuit type of 
armature winding is very generally used, and, with this type of 
winding, the number of armature coils and commutator bars must 
always be one more or less in number than some multiple of the 
number of pairs of poles. Mathematically therefore, with a two- 
circuit winding, the number of slots can never be a multiple of the 
number of poles unless an unsymmetrical winding is used, 
that is, one with a “ dummy ” coil. A second objection to using 
a number of slots which is a multiple of the number of poles, 
is that there are pulsating magnetic pulls which may be exag¬ 
gerated by this very construction. There are two kinds of mag¬ 
netic pulls, a radial, which has already been considered, and a 
circumferential, due to the tendency of the armature core to 
set itself where it will enclose the maximum amount of field 
flux. Obviously, if the arrangement of slots is such that when 
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one pole has a maximum flux into the teeth, another pole has 
a minimum, then the circumferential puslations in torque 
will be less than if all poles enclosed the maximum or the mini¬ 
mum flux simultaneously. This latter condition will be produced 
when the number of armature slots is a multiple of the number 
of poles. Therefore, in dodging unbalanced radial magnetic 
pulls by using a number of armature slots which is a multiple 
of the number of poles, the designer is liable to exaggerate the 
circumferential variations in torque or pull, so that he is no better 
off than before. This circumferential pulsating magnetic pull 
may act in various ways to set up vibration, and if there is any 
resonant condition in the machine, vibration and noise will 
result. 

Several years ago, the writer made some very interesting tests 
on a number of d-c. machines to discover the nature of the vi¬ 
brations which were producing noise. 
These machines had very light frames 
and were noisy, although not exces¬ 
sively so. The following results were 
noted: In certain four-pole machines, 
it was noted that the frames vibrated 
in a radial direction, as could be 
easily determined by feeling. How¬ 
ever, upon tracing around the frame 
circumferentially, nodal points were 
noted. In some cases, there were 
points of practically no vibration 
midway between the poles, as at A in Fig. 4. In other cases 
the point of least vibration was at B, directly over the main 
poles. Apparently, minimum vibration at A and maximum at 
B occurred when the pulsating magnetic pulls were in a radial 
direction, while, with circumferential pulls, the maximum vibra¬ 
tion was at A. It was also noted in some instances that a varia¬ 
tion in the width of the contact face of the pole against the yoke 
produced vibrations and noise, and nodal points in the yoke, 
the vibrations being a maximum at A . 

In still other cases in commutating pole machines, vibrations 
and noise were apparently set up by either radial or circumferen¬ 
tial magnetic pulsations under the commutating poles themselves, 
as indicated by the fact that removal of the commutating poles, 
or a considerable increase in Jheir air gaps, tended to overcome 
the noise. In such cases, the noise usually increased with the 
load, in constant-speed machines. 


A 



Fig. 4 
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Skewing of the armature slots, or of the pole faces, has proved 
quite effective in some cases of vibration and noise. Tapered 
air gaps at the pole edges have also proven, effective in manj 
individual cases. However, the causes of the trouble and the 
remedies to be applied in specific cases are so numerous and. so 
varied that at present it is useless to attempt to give any limita¬ 
tions in design as fixed by noise and vibration due to magnetic 
conditions. 

“ Flickering” of Voltage, and “ Winking of Lights 
From time to time, cases have come up where noticeable 
“ winking ” of incandescent lights occur, this being either of a 
periodic or non-periodic character, the two actions being due to 
quite different causes. In either case, the primary cause of the 
difficulty may be in the generator itself, or it may be in the 
prime mover. The characteristics of the incandescent lamp 
itself tends, in some cases, to exaggerate this winking. To be 
observable when periodic, the period must be rather long, cor¬ 
responding to a very low frequency. Periodic flickering of 
voltage may be considered as equivalent to a constant d-c. 
voltage with a low-frequency small-amplitude alternating e.m.f. 
superimposed upon it. In view of the fact that incandescent 
lamps of practically all kinds give satisfactory service without 
flicker at 40 cycles with the impressed e.m.f. varying.from zero 
to 40 per cent above the effective value, one would think that a 
relatively small variation of voltage, of 3 per cent or 4 per cent 
for instance, would not be noticeable at frequencies of 5 to 
10 cycles per second. However, careful tests have shown 
that commercial incandescent lamps do show pronounced 
flicker at much lower percentage variations in voltage, de¬ 
pending upon the thermal capacity of the lamp filament. Based 
on such thermal capacity, low candle power 110-volt lamps, for 
example, should show more flicker than high candle power lamps. 
Also, tungsten lamps for same candle power should be more sen¬ 
sitive than carbon lamps, due to their less massive films. In 
fact, trouble from winking of lights has become much more pro¬ 
nounced since the general introduction of the lower-candle power, 
higher-efficiency incandescent lamps. 

In view of the fact that winking has been encountered with 
machines in which no pronounced pulsations in voltage appear 
to be possible, a series of tests was made some years ago to 
determine what periodic variation was noticeable on ordinary 
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low-candle power tungsten and carbon lamps. A lamp circuit 
was connected across a source of constant direct e.m.f., and in 
series with this circuit was placed a small resistance which could 
be varied at different rates and over varying range. The 
results were rather surprising in the very low pulsations in volt¬ 
age which showed flickering of the light when reflected from a 
white surface. With the ordinary frequencies corresponding to 
small engine type generators—that is, from 5 to 10 cycles—peri¬ 
odic variations in voltage of \ per cent above or below the mean 
value were sufficient to produce a visible wink, with 16-candle 
power carbon lamps j while 1 per cent variation above and below 
was quite pronounced. With corresponding tungsten lamps, 
only about half this variation is sufficient to produce a similar 
wink. These tests were continued sufficiently to show that such 
periodic fluctuations in voltage must be limited to extremely 
small and unsuspected limits. This condition therefore imposes 
upon the designer of such apparatus a degree of refinement in 
his designs which is almost a limitation in some cases. 

It is probable that non-periodic fluctuations in voltage do 
not have as pronounced an effect in regard to winking of lights 
as is the case with periodic fluctuations, if they do not follow 
each other at too frequent intervals, unless each individual 
pulsation is of greater amplitude, or is of longer duration. 
Possibly a momentary variation in voltage of several per cent 
will not be noted, except by the trained observer, unless such 
variation has an appreciable duration. 

A brief discussion of the two classes of voltage variations 
may be of interest, and is given below. 

Periodic Fluctuations. As stated before, these may be due 
to conditions inside the machine itself, or may be caused by 
speed conditions in the prime mover. Not infrequently, the 
two act together. Variations in prime mover speed can act in 
two ways: first, by varying the voltage directly in proportion 
to the speed, and second, by varying the voltage indirectly 
through the excitation, the action being more or less cumulative 
in some cases. Such speed variations usually set up pulsations 
corresponding directly to the revolutions per minute and in¬ 
dependent of the number of poles on the machines. 

In the machine itself, periodic pulsations of frequency lower 
than normal frequency of the machine itself, may be caused 
by magnetic dissymmetry of some sort, or by unsymmetnca 
windings. Usually, such dissymmetries give voltage fluctua- 
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tions at a frequency corresponding to the normal frequ 
the machine, and therefore will have no visible effec' 
such normal frequency is comparatively low, which is 
the case in engine type d-c. generators. In other case 
dissymmetries may give pulsations corresponding to t 
olutions, and not the poles. For instance, if the cv 
periphery and the field bore are both eccentric to tlx 
then "magnetic conditions are presented which vary 
with the revolutions. 

However, there have been cases where no dissymmetx 
be found, and yet which produced enough variations 
the lights. Usually in such cases, the number of ixr. 
slots per pole was comparatively small, and the troxx. 
overcome by materially increasing the number of slots j 
A second source of winking has been encountered in sonx 
wire machines in wdiich the neutral tap is not a true 
point. In such case, the neutral travels in a circle aro* 
central point and impresses upon the d-c. voltage a p 
corresponding to the diameter of the circle. Its frequen 
ever, is that of the machine itself and is therefore more 
able on low frequency machines, such as engine type gen 

Non-Periodic Pulsations or Voltage 11 Dips .” In 
generators, there is a momentary drop or “ dip” in volt&a 
sudden applications of load, the degree of drop dependii' 
the character and amount of load, etc. The effects 
have been noted most frequently in connection with 
elevator operation, in which the action is liable to be t 
with sufficient frequency to cause complaint. Various 
have been made that certain types of machines did n< 
such voltage dips, and that others w T ere subject to it. 
sequence, the writer and his associates made various 
order to verify an analysis of this action which is givex 

The explanation of this dip in voltage is as follows. J 
for instance, a 100-volt generator supplying a load of 1 
peres—that is, with one ohm resistance in circuit. TU 
across the resistance is, of course, 100 volts. Now, 
that a resistance of one ohm is thrown in parallel -aei 
circuit. The resultant resistance in circuit is then < 
ohm. However, at the first instant of closing the circuit 1 
the second resistance, the total current in the circuit 
100 amperes, and therefore the line voltage at the first 
momentarily must drop to 50 volts. However, the 
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generated in the machine is 100 volts, and the discrepancy of 
50 volts between the generated and the line volts results in a 
very rapid rise in the generator current to 200 amperes. If 
the current rise could be instantaneous, the voltage dip would 
be represented diagrammatically by a line only; that is, no 
time element would be involved. However, the current can¬ 
not rise instantaneously in any machine , due to its self-induction, 
and therefore, the voltage dip is not of zero duration, but has 
a more or less time interval. The current rises according to an 
exponential law, which could be calculated for any given ma¬ 
chine if all the necessary constants were known. However, 
such a great number of conditions enter into this that is it usually 
impracticable to predetermine the rate of current rise in de¬ 
signing a machine; and it would not change the fundamental 
conditions if the rate could be predetermined, as will be shown 
later. 

A rough check on the above theory could be obtained in the 
following manner, by means of oscillograph tests. For example, 
it was assumed in the above illustration that with one ohm 
resistance in circuit, an ecjual resistance was thrown in parallel, 
which dropped the voltage to one-half. In practise, the actual 
drop which can be measured might not be as low as one-half 
voltage, as the first increase in current might be so rapid as to 
prevent the full theoretical dip from being obtained. However, 
an oscillograph would show a certain amount of voltage drop. 
If now, after the current has risen to 200 amperes and the con¬ 
ditions become stable, the second resistance of one ohm is 
thrown in parallel with the other two resistances of one ohm 
each, then in this latter case, the resultant resistance is re¬ 
duced to two-thirds the preceding value, instead of one-half, 
as was the case in the former instance. Therefore, the dip 
•would be less than in the former case. Again, if one ohm re¬ 
sistance is thrown in parallel with three resistances of one ohm 
each, the resultant resistance becomes three-fourths of the 
preceding value—that is, the voltage dip is still less. There¬ 
fore, according to the above analysis, if a given load is thrown 
on a machine, the dips will be relatively less the higher the load 
the machine is carrying. Also, if the same percentage of load 
is thrown on each time, then the dips should be practically the 
same, regardless of the load the machine is already carrying. 
For example, if the machine is carrying 100 amperes, and 100 
amperes additional is thrown on, the dip should be the same as 
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if the machine were carrying 300 amperes and 300 amperes 
additional were thrown on. 

Also, according to the above theory, a fully compensated 
field machine (that is, one with a distributed winding in the 
pole faces proportioned correctly to neutralize the armature 
magnetomotive force) should also show voltage dips with load 
thrown on. To determine if this is so, several series of tests were 
made on a carefully proportioned compensated field machine. Two 
series of tests were made primarily. In the first, equal in¬ 
crements of ourrents were thrown on, (1) at half load, (2) at full 
load, and (3) at If load on the armature. In the second series 
of tests, a constant percentage of load was thrown on; that is, 
at half load the same current was thrown on as in the first test, 
while at full load, twice this current, and at If load, three 
times this current was thrown on. 

. A ccor( iing to the above theory, all these should show voltage 
dips, although the machine was very completely compensated. 
Also, in the first series of tests, the dips should be smaller with 
the heavier loads on the machine, while in the second series 
they should be the same in all tests. This is what the tests 
indicated. In the first series, the dips in voltage varied, while 
in the second series, they were practically constant. The re¬ 
sults of these tests are shown in the following table. (The 
oscillograph prints were so faint that it was not considered 
practicable to reproduce them in this paper.) 


NORMAL E.M.F.—1200 VOLTS. 


Test. 


Load on generator. 


Increase in load. 


.Dip in voltage. 
(Approx). 


A 

B 

C 

D 

E 

F 


0 Amps. 
208 « 
417 « 

625 « 

417 « 

625 « 


417 Amps. 
80 “ 
80 « 
SO 
160 
240 


700 Volts. 
300 “ 

200 « 
150 <f 
300 “ 

300 « 


Tests B, C and D in the table show the dips for the first 
series of tests, while A, E and F show results for second series. 
The time for recovery to practically normal voltage was very 
short in all cases, varying from 0.002 to 0.004 second, accord¬ 
ing to the oscillograph curves, but even with this extremely 













1915] 


LAMME: COMMUTATION 


1783 


short time, there was very noticeable winking of tungsten 
lamps, in practically all tests. The oscillograph curves showed 
practically no change in field current, except in test A. 

The machine used in these tests was a special one in some 
ways. It was a 500-kw., 1200-volt, railway generator with 
compensating windings and commutating poles. In order to 
keep the peripheral speed of the commutator within approved 
practise, it was necessary in the design to reduce the number 
of commutator bars per pole, and consequently the number 
of armature ampere turns, to the lowest practical limit. This 
resulted in an armature of very low self induction,. which was 
very quick in building up the armature current with increase 
in load. This machine therefore did not show quite as severe 
variations as would be expected from a normal low-voltage 
ma chin e of this same construction. However, these two senes 
of tests did show pronounced voltage dips which were sufficient 
to produce noticeable winking of incandescent lamps. Presum¬ 
ably, therefore, all normal types of generators will wink the 
lights under similar conditions. 

Data obtained on non-compensated machines of 125 and 250 
volts indicate the same character of voltage dips as were found 
in the above tests. This should be the case, for, by the fore¬ 
going explanation, the compensating winding has no direct re¬ 
lation to the cause of the dip. 

It will be noted in these curves that the voltage recovers to 
normal value very quickly. However, incandescent lamps 
will wink, even with this quick recovery, if the dip is great 
enough. There is some critical condition of voltage dip in 
each machine which would produce visible winking of lights. 
Any increments of load up to this critical point will apparently 
allow satisfactory operation. If larger loads are to be thrown 
on, then these should be made up of smaller increments, each 
below the critical value, which may follow each other in fairly 
rapid succession. In other words, the rate of application of 
the load is of great importance, if winking of lights is to be 
avoided. Therefore, the type of control for motor loads, for 
instance, should be given careful consideration in those cases 
where steadiness of the light is of first importance, and where 
motors and lights are on the same circuit. 

An extended series of tests has shown that, in most cases, 
10 per cent to 15 per cent of the rated capacity of the generator 
can be thrown on in a single step without materially affecting 






1784 


LAM ME: COMMUTATION 


[Sept. 16 


1915] 


the lighting on the same clrcuit > and provided the prime mover 
holds sufficiently constant speed. However, judging from the 
quickness of the voltage recovery, the prime mover, if equipped 
with any reasonable flywheel capacity, cannot drop off materially 
during the period of the voltage dip as shown in the curves. 
The dip m voltage due to the flywheel is thus apparently some- 
thmg distinct from the voltage dip due to the load. However 
if the load is thrown on in successive increments at a very 
rapid rate, the result will be a dip in voltage due to the prime 
mover regulation, although the voltage dips due to the load 
itself may not be noticeable. 

The above gives a rough outline of this interesting but little 
understood subject of voltage variations. Going a step farther, 
a similar explanation could be given for voltage rises when the 
oad is suddenly interrupted, in whole pr in part. This is 
usually known as the inductive kick of the armature when the 
circuit is opened. This may give rise to momentarily increased 
vo tages which tend to produce flashing, as has already been 

referred to under the subject of flashing when the circuit breaker 
is opened. 

Peripheral Speed of Commutator 
This presents two separate limitations in d-c. design, one 
being largely mechanical and the other being related to voltage 
conditions. As regards operation, the higher the commutator 

S i’ “k i 6 ’ r" 6 diffiCUlt ifc is t0 maintain contact 

rimSin T l t nd commutator fa ce. This is not merely a 
oStW f ’ If rather ° f COmmutato r diameter and speed 

tact at ™n P f? arently Xt 15 eaS1Sr t0 maintain g°° d brush con¬ 
tact at 5000 ft. per minute with a commutator 50 in. in di¬ 
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missible speed limits, as fixed by mechanical constructions, 
have been rising gradually as such constructions are improved. 
At the present time, peripheral speeds of about 4500 ft. per 
minute are not uncommon with commutators carrying 800 to 
1000 amperes per brush arm. In the case of 60-cycle, 600- 
volt synchronous converters, 5200- to 5500-ft. speeds are usual 
with currents sometimes as high as 500 to 600 amperes per arm. 
In the case of certain special 750-volt, 60-cycle converters, oper¬ 
ated two in series, commutator speeds of about 6400 ft. have 
proved satisfactory. These latter, however, had comparatively 
short commutators. 

For the small diameter commutators used in d-c. turbo¬ 
generator work, peripheral speeds of 5500 to 6000 ft. have been 
common. However, such machines usually have very long com¬ 
mutators and of the so-called “ shrink-ring ” construction. The 
brushes may not maintain good contact with the commutator 
at all times, and in a number of machines in actual service, the 
writer, in looking at the brush operation, could distinctly see 
objects beyond the brush contacts; that is, one could see 
“ through ” the contact, and curiously, in some of these cases, 
the machines seemed to have operated fairly well. One ex¬ 
planation of this is that the gaps between brushes and com¬ 
mutator were intermittent, and, with one or more brush arms in 
parallel, one arm would be making good contact, while another 
showed a gap between brushes and commutator. Appar¬ 
ently, the commutators were not rough or irregular, but 
were simply eccentric when running at full speed and the 
brushes could not rise and fall rapidly enough to follow 
the commutator face all the time. Incidentally, it may be men¬ 
tioned at this point, that with the higher commutator speeds 
now in use, there has come the practise of “ truing ” commutators 
at full speed . This is one of the improvements which has al¬ 
lowed higher commutator speeds. 

The other limitation fixed by peripheral speed, namely, that 
of the voltage, is a more or less indirect one. It is dependent 
upon the number of commutator bars that are practicable be¬ 
tween two adjacent neutral points; or, in other words, it is 
dependent upon the distance between neutral points. The 
product of the distance between adjacent neutral points and the 
frequency, in alternations, gives the peripheral speed of the 
commutator, (distance between neutral points in feet times 
alternations per minute equals peripheral speed in feet per 
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minute). With a given number of poles and revolutions per 
minute, the alternations are fixed. Then, with an assumed 
limiting speed of commutator, the distance between neutral 
points is thus fixed. This then limits the maximum number of 
commutator bars, and therefore the maximum voltage which 
is possible, assuming a safe limiting voltage per bar. From 
this it may be seen that the higher the peripheral speed, the 
higher the permissible voltage with a given frequency. In the 
same way, if the frequency can be lowered (either the speed or 
the number of poles be reduced) the permissible voltage can 
be increased with a given peripheral speed. Where the speed 
and the number of poles are definitely fixed and the diameter 
of commutator is limited by peripheral speed and other con¬ 
ditions, the maximum practicable d-c. voltage is thus very defi¬ 
nitely fixed. This is a point which apparently has been mis¬ 
understood frequently. It explains why, in railway motors, for 
high voltages, it is usual practise to connect two armatures per¬ 
manently in series; also, why two 60-cycle synchronous conver¬ 
ters are connected in series for 1200- or 1500-volt service In 
synchronous converter work, the frequency being fixed once for 
all, the maximum d-c. voltage is directly dependent upon the 
peripheral speed of the commutator. 


CONCLUSION 

The principal intent in this paper has been to show that cer- 
am limitations encountered in d-c. practise are just what should 
be expected from the known properties of materials and electric 

nonm^ The w f er has endeavored to explain, in a simple, 
non-mathematical manner, how some of the apparently com¬ 
plicated actions which take place in .commutating machinery 
rea y very similar to better understood actions found in 
various other apparatus. An endeavor has also been made to 
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tionsT’ h^ 7 dependent u P° n P re tty definite condi- 

cont4? C etc aS P ° f Carb0n brushe s and brush 

istics and f t c 7 \ tt6r under standing of the character- 

TheS T ° f Carb ° n brUShes wiU result from this paper. 
The writer makes no claims to priority for many of the ideas 

md suggestions brought out in this paper. However m„ l it 

° f hiS "» Nations Id ttose 

eurre, “Is 8 ^ 


1915] 


LAM ME: COMMUTATION 


1787 


APPENDIX 

The following method of determining the maximum capacity 
which can be obtained w T ith given dimensions and for assumed 
limitations as fixed by commutation, flashing and other con¬ 
ditions, is based upon certain formulas which the writer de¬ 
veloped several years ago, and which appeared in a paper before 
the Institute.* 

On page 2389 of the 1911 Transactions of the Institute, 
the following general equation is given: 

Tp __ jf jjjf R s T c 7T r / T __ T \ _ 2 Dp _ 

10 8 L 1 1 1 (0.25 p + 0.5) (D + Pp) 

+ c 3 ~ (o.9 + 0.035 N) +c 3 y (1.33 d s + 0.52 + 2.16 $ V«j] 

Ci2(j)NpR s Ts 
T* 10 s W 

Where I c — Current per armature conductor. 

W t = Total number of armature conductors. 

T c = Turns per armature coil or commutator bar. 

L and Li = Width of armature core and commutating pole 
faces, respectively. 

D = Diameter of armature. 

p — No. of poles. 

N = No. of slots per pole. 

d s = Depth of armature slot. 

5 = Width of armature slot. 

n — Ratio of width of armature tooth to slot at 
surface of core. 

Ci, c%, Cz , Ca are design constants. 

In order to simplify the above equation, the following as¬ 
sumptions are made: 

(a) No bands are used on armature core, thus eliminating 
the last term in the above equation. 

(b) Li — L } thus eliminating the first expression inside the 
bracket in the above equation. 

Both the above assumptions are in the direction of increased 
capacity with a given short-circuit voltage, E c . 

Equation (1) then becomes 

*A Theory of Commutation and Its Application to Inter pole Machines , 
A. I. E. E. Trans., 1911, Vol. XXX, p. 2359. 
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The various terms in equation (2) should be put in such form 
that limiting values can be assigned to them as far as possible. 
In order to do this the equation can be condensed and simplified 
as follows, for large machines: 

(a) Assuming parallel type windings,— 

TT7 _ T_e2p -S , . 

■ t V b ’ wIiere Vb ~ Average volts per commutator 

bar or coil. 

= ~y, where I t = Total current. 

IE = Kilowatts X 10 3 = Kw 10 3 
Also, R s p = 2/, where / = Frequency in cycles per second. 

Therefore, LJIlLtlsI = ^w p X 4 / T?tt . 

10 s v b x 10 5 ’ KWp being the 

kilowatts per pole. 

0) Let P t = Armature tooth pitch. 

Then D = 

7r 


and C2 — (0.9 + 0.035 N) = c 2 (0 . 9 + 0 .035 N)P t 
0 ni T ? E ?° rded Winding > the term 0 -035 N should be 

(c) In the second term inside the bracket in equation (2), 

the ratio §- can be transformed into an expression containing 
Pt, as follows: 
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B t — Flux density in armature teeth. 

S t = Section of iron in armature teeth. 

C p — Field form constant (percentage polar area). 

R s = Revolutions per second. 

W s — Wires in series. 

St = N T p L ci, where T = Width of tooth, and c 5 = the 
ratio of actual iron to the core width L. 

p 2 

As an approximation, T xs = (This is a fairly close ap¬ 

proximation within practical limits in the usual armature con¬ 
structions) . 

Then, S t = Npc & AL 


and E = 


Bj_CpRsWj_N^_Cj P?_ 

4 X 10 8 


L _ 4 X 10 8 £ 

° r 5 B t C P RsW'Npc s P t * 

This can further be condensed as follows: 


W 8 = T c ——, and R s p = 2/ 

Vb 


Therefore, ^ B t C p N f c 5 P t *T c 

(d) The expression (1.33 d s + 0.52 + 2.16 s V n) can be 
modified as follows, 

_ Ip ! jP^ 2 p p 2 

V n = ^ = \ 4s 2 = ^on the basis that T xs = —~ 


approx. 

Thfen, 2.16 sVn = 1.08 P t approx, 
and (1.33 d s + 0.52 + 2.16 sVnj = (1.33 d s + 0.52 + 1.08 P t ) 
Substituting all the above transformations in equation (2), 
we get 


Kw v f 77 4 
X 10 5 


£ c 2 4 (0.9 + 0.035 NO N P, 


t Cs Vb 1 0 8 
B t C p N fc t Pt 


"jY (1.33d s + 0.52 + 1.08 P t ) ] 
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t m equation ( 5 ) could be derived and then substituted 
m equation ( 4 ), then for any assumed value of E c and with the 
other terms given limiting values, an expression for the maximum 
kilowatts per pole could be obtained. The writer has not been 
able to solve this directly in any sufficiently simple manner, 
although a complicated approximate expression can be obtained. 
However, for practical purposes, the solution for any given con¬ 
ditions can be obtained by trial methods and the results plotted 
m curves. 

For instance, in equations ( 4 ) and ( 5 ), the following terms 
may be given limiting values for a given class of machines and 
ror a specified voltage: 

T c = Turns per coil. 

c 2 = End flux constant. 

N = Number of slots per pole. N x = No. of teeth spanned 
by coil. 

c% = Brush short circuit constant. 

V b = Average volts per bar. 

Cp = Fi l d fc "“ cons tant. With max. volts per bar fixed, 
then V max. X C v = V b . 

B t = Flux density in teeth. 

Ci = Ratio of actual iron width to core width L. 


Also, type of armature winding 
from full pitch winding, or amount 


can be fixed and departure 
of chording, can be given. 


1915] 


LAMME: COMMUTATION 


1791 


There will then remain for any assumed value of E c , the terms 
Kw v = Kilowatts per pole. 

P t = Tooth pitch. 

/ = Cycles per second. 

d s = Depth of armature slot. 

All four of these latter terms are in equation ( 4 ), and the last 
three in equation ( 5 ). Therefore, assuming the depth of slot, 
equation ( 5 ), the values of P t for different frequencies may be 
determined by trial methods. The corresponding values of 
P t) f and d s can then be substituted in equation ( 4 ), and the 
kilowatts per pole thus determined. Tables or curves can then 
be prepared giving the kilowatts per pole for different frequencies 
and for different assumed slot depths. 

A series of such tables have been worked out for a specified 
set of conditions as given below. The assumed limiting con¬ 
ditions were as follows: 


E c 


e.m.f. 

C p 

V b 


4.5,—that is, one turn per coil parallel type winding 
is assumed. 

600 volts. 

0.68 

14.3. No of commutator bars per pole = 42. No 
compensating winding is used. Therefore, Vb 


600 

42 


and max. volts per bar at no load = 


= 21. Allowing 25 per cent increase for 

0.68 

flux distortion, and increased voltages at times, 
gives 26.3 at full load. 

c 2 — 1.25 for average constructions. 
c z = Varies with the number of coils per slot and the aver¬ 
age number of bars covered by the brush, but as¬ 
suming 2 bars covered, then Cz — 0.4 approx, 
with 1 slot chording, and with either 2 or 3 coils 
per slot. 

B t = 150,000 lines per sq. in. on the basis of actual iron 
and all flux confined to the iron. 
c h = 0.75. This allows for 90 per cent solid iron and i 
of the total width taken up by air ducts (about 
f in. duct for each 2 in. of laminations). 
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N = 14 f 

\ Two cases have been assumed, one with 3 coils 
N = 21 [ 

per slot and 14 slots per pole, and the other with 
2 coils per slot and 21 slots per pole. 

14 Slots per Pole .—Substituting the above values in equations 
( 4 ) and ( 5 ), then for 14 slots per pole, equation ( 4 ) becomes 

KWp = 3767 Ec [ fP t * + 9.18 (2.5 T s + 1) + 19 P 4 ] (6;> 

and equation ( 5 ) becomes 

/ Pi 3 = 18.36 (2.5 d s + 1) + 19 P t (7) 

Incidentally, equation (6) can be simplified to a certain extent 
by partially combining with equation (7), giving the following 
equation: 

Kw P = 99 E c [ 0 7 25 (2.5 df+ 1) + P, ] (8) 

Equation (8), of course, can only be used with the values of 
P t determined from equation (7). 

Three values for d s were chosen, 1 in., 1.5 in., and 2 in., which 
cover the practical range of design for large d.-c. generators. 
Frequencies from 5 to 60 cycles were also chosen. The corres¬ 
ponding values for P t and Kw p are tabulated below. 


TABLE I. 


f— 
Cycles 
per sec. 

II 

fC 

1 in. 

Kw p 

Pt 

1.5 in. 

Kw p 

II 

(C 

2 in. 

5 

2.85 in. 

670 

3.08 in. 

647 

3.255 in. 

620 

10 

2.20 

453 

2.362 

428 

2.504 

407 

20 

1.685 

299 

1.828 

282 

1.945 

266 

30 

1.455 

235 

1.575 

219 

1.680 

208 

40 

1.302 

197 

1.417 

183.5 

1.515 

173 

50 

1.20 

173.5 

1.305 

160 

1.398 

151.5 

60 

1.125 

153 

1.226 

143.5 

1.310 

135 


21 Slots per Pole . Substituting the proper values in equations 
(4) and (5) for 21 slots per pole, and one slot chording, and then 
solving for P t and Kw p for the same slot depths and frequencies, 
the following-table is obtained: 
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TABLE II. 


/— 

d s = 

1 in. 

d s = 

1.5 in. 

d s = 

2 in. 

Cycles 







per sec. 

Pt 

Kwp 

Pt 

Kwp 

Pt 

Kwp 

5 

1.985 in. 

576 

2.14 in. 

542 

2.27 in. 

515 

10 

1.53 

380 

1.56 • 

355 

1.77 

338 

20 

1.185 

249 

1.29 

232 

1.36 

214 

30 

1.022 

195 

1.12 

181 

1.192 

168 

40 

0.922 

163 

1.005 

150 

1.077 

141 

50 

0.850 

142 

0.932 

131 

0.997 

123 

60 

0.796 

126 

0.874 • 

117 

0.936 

110 


Synchronous Converters 

Two cases only need be considered, namely 25 and 60 cycles. 
For these two cases, more definite limits can be given than for 
the above rather general solution for d-c. machines. 

25 Cycles . Let N = 21, and N l = 20; also, assume two 
coils per slot for 600 volt machines. 

C 2 = 1.0. 

£ 3 = 0.37 

Bt = 165,000 

C p = 0.7 

Then for assumed values for depth of slot of 1 in., 1.5 in., 
and 2 in., and for E c = 4.5, the following values of P t and 
Kw v are obtained: 


TABLE III. 


Depth of 
slot. 

Tooth 

pitch. 

Kilowatts 
per pole. 

1 in. 

1.09 

278 

1.5 

1.19 

257 

2 

1.275 

243 


60 Cycles. Let N = 15, and Ni = 14. Also, assume 3 coils 
per slot for 600 volts. 

Ci = 1.0 

c 3 = 0.4 
B t = 150.000 
C v = 0.66 
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Then, assuming slot depths of 1 in., 1.25 in., and 1.5 in., and 
E c = 4.0, the following values of P t and Kw v result: 


TABLE IV. 


Depth of 

Tooth 

Kilowatts 

slot. 

pitch. 

per pole. 

1 in. 

1.14 

143 

1.25 

1.195 

137.5 

1.5 

3*. 24 

132 


The above tabulated results agree pretty well with practical 
results obtained in large generators and converters. There are 
so many possible variations in the limits assumed that only 
general results can be shown. For instance, in Table I, a 
constant limiting induction in the armature teeth of 150,000 
lines per sq. in. is assumed. With low frequencies this can be 
increased, while with frequencies of 50 to 60 cycles, somewhat 
lower inductions will be used. Also, the commutation con¬ 
stant C, 3 , which is dependent upon the number of bars covered 
by the brush, is naturally subject to considerable variation. 

The results obtained are predicated upon parallel types of 
windings and a minimum of one turn per armature coil. If 
types of windings having the equivalent of a fractional number 
of turns per coil less than one, prove to be thoroughly satis¬ 
factory for large-capacity machines, then the above maximum 
capacities can be materially increased. However, accepting 
the results as they stand, the limits of capacity as fixed by 
commutation are in general about as high as other limitations 
will allow. 
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Discussion on “ Physical Limitations in D-C. Commuta¬ 
ting Machinery ” (Lamme), San Francisco, Cal., 
Sept. 16, 1915. 

E. H. Martindale: The point impressed on me with the 
greatest emphasis was in connection with the use of the soft 
graphitic brush for high-speed machines and with machines 
having solid commutators. It is a misnomer. The brush to 
be used on the solid commutator need not be soft. It must 
be non-abrasive, but one of the hardest brushes manufactured 
in this country has no abrasive action and is used very ex¬ 
tensively on undercut commutators and on speeds up to 6000 
ft. per min. I want to emphasize the distinction between 
hardness and abrasiveness, and point out the fact that this has 
no relation to the softness or graphitic nature of the brush. 

Mr. Lamme speaks of getting a decrease in contact drop of 
as much as one-half or one-third of the cold contact drop. We 
had never found anything like as great a drop as that in an 
un-impregnated brush. If we take an impregnated brush, one 
soaked in oil or paraffine, we get a contact drop of around 3.3 
and 5 volts to the two brushes in series. Then if we heat the 
brush enough to drive the oil back from the surface and leave 
the contact surface of the brush dry, that drop will go down 
to 1.6, a reduction of more than one-half. I have never found 
more than 0.15 of a drop, even with temperatures almost to the 
blowing point, if the brush has not been previously impregnated. 

I believe that one of the most pronounced limiting features 
in the design of d-c. machinery is the friction of the brush. 
As brushes have been improved the commutator speeds have 
gone up. They go as high a's possible-—Mr. Lamme mentions 
one of about 7000 ft. per min. That would have gone up to 
9000 ft. per min. if the brush would have worked. By the time 
a brush is made that will work to 9000 ft. per min., they will 
get the commutators. If a machine can be doubled in speed, 
the output can be almost doubled without very many changes 
in the copper or iron in the machine. In the case of the brushes 
manufactured up to eight or ten years ago, 5000 ft. per min. 
would have been impossible. The old carbon brush, as we 
called it, would not stand speed above 4000 ft., without the 
brush chattering, chipping and causing all sorts of trouble. 

H. R. Summerhayes: I wish to discuss the subject of flicker¬ 
ing of light supplied from d-c. generators, mentioned in Mr. 
Lamme’s paper. This subject is of particular importance in 
small or medium size isolated plants. Experiments I have 
seen made, indicate that the drop in voltage is according to 
the percentage of load thrown on the generator, that is, the 
percentage of fluctuation of load as compared to full load, on 
generators of the non-compensated type. It is generators of 
this type which are generally in service for office buildings 
and hotels. 
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Mr. Lamme states that a 10 to 15 per cent increment of 
load thrown suddenly onto a generator will cause a flickering 
in the lights. We have found, perhaps, a little greater varia¬ 
tion with different types of generators. I should say that it 
is 10 to 20 per cent, which agrees pretty closely with Mr. Lamme’s 
figures. Therefore, if you have a 150-kw. generator, and start 
an elevator taking 50 kw. as the high-speed elevators do, you 
have a one-third load thrown on suddenly, and as this is about 
double the flickering limit, such plants must always show a 
perceptible flicker. 

In larger plants where a single elevator forms a smaller 
proportion of the total load of one generator the flickering is 
not so perceptible, although there are more elevators. That 
is, because it is impossible to start two elevators at the same 
time. I mean exactly at the same time, and even if they are 
started 1/50 of a second apart, the effect is very different from 
what it would be if they were started simultaneously. 

Mr. Lamme discusses non-periodic fluctuations. I have seen 
experiments which indicated that as low as one per cent variation, 
requiring over half a second for the change, will not cause a 
noticeable flicker to the average observer, but if the duration 
of the fluctuation is shorter than half a second, or the voltage 
variation greater than one per cent, it will cause a perceptible 
flicker. That is only when the observer is watching for the 
flicker. If one is simply reading or working, with his attention 
concentrated on his work, the flicker would have to be more 
than that, to be perceptible. Probably two or three volts 
fluctuation, in a half-second, would be annoying to readers 
and would cause complaint. I would like to ask Mr. Newbury 
to explain a little further the theory which he mentioned, where 
a resistance is connected across the circuit, 100-volt generator, 
and 100 amperes going through the resistance. Now, a second 
resistance is connected across, and in order to have the drop * 
of 50 volts, as Mr. Lamme said, the current would have to 
divide equally, 50 amperes in each resistance. In this case an 
oscillograph connected in series with the first resistance should 
show a momentary reduction of current from 100 to about 50 
amperes. Is this result shown by the tests? 

Gano Dunn: I find that Mr. Lamme's paper does not refer 
to a certain principle of commutation with which I have had 
considerable experience, and which I regard as very important. 
It is a principle which has not been successfully reduced to 
practise, for reasons which I believe are wholly of a mechanical 
origin and I believe will be ultimately overcome. 

A commutating machine arranged on this principle, invented 
by Mr. F. W. Young some years ago, has been in service for 
four or five years. A number of them have been built and used, 
in some cases with very marked success, but in general without 
sufficient success to take a place commercially. The principle 
to which I refer is involved in the question of the contact drop 
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of tlie brush. Mr. Lamme says regarding tin* subject of the 
contact, drop, “This peculiar property of the brush contact is, 
in some ways, very much of a disadvantage.” Now, a thing 
that is a disadvantage, in some ways, is often made of very 
great advantage if you change the ways in which it is a dis¬ 
advantage. The principle 1 refer to consisted in so changing 
the ways that the disadvantage of contact drop is turned into 
an advantage that produces unusually perfect commutation. 

Von all have been familiar with various ways of killing sparks. 
Imagine a circuit with eunddcrable inductance opened by a 
single'pole, singles hrow knife-switch. The -park if it. occurs 
can he killed by shunting a high resistance around the switch. 
The high resistance around the open switch, while it reduced 
the spark» never completely killed it, but always left if, while 
smaller, with a good deal of vigorous spiteful life. 

Another way of killing sparks is to put a condenser around 
the same switch. The condenser, if large enough, is better 
than high resistance, but even the condenser leaves some portion 
of the spark which cannot be completely killed anti the portion 
it leaves is the most annoying portion. 

Another way is to shunt e.m.f. around the switch. A counter 
e.m.f. is a better way than either of the two previous methods 
for killing spark, arid as a rule it kills it so completely that 
you ran hardly see it. A a eoniirmation oi the law, there is 
very little spark when opening a circuit that is charging a 
storage battery. The phenomenon is the .ana* and due to the 
same cause, because the counter e.m.f. ot the storage ball,cry 
or the ot her source of counter e.tmf. around the swatch opposes 
the e.m.f. of selfdudueiion and kill *. the spark by what 1 might 
call neutralisation. 

Now, in eotnmufa.fion, the drop contact between the brush 
and the commutator, no mailer wha it is due to, acts almost 
exactly like a counter e.m.f. If h;w all the characteristics, in 
fact, so much so that it i ■ often called the counter e.m.f, of 
contact, and whether it w a counter e.m.f, of contact or not, 
it very naturally look-, and nets in a similar manner. The 
function of commutation b to accelerate the reduction of the 
current, so that by the time a commutator bur gels to the 
edge of the brush, the current, will have been so great.lv pre¬ 
viously reduced that when the contact is broken, there will 
be no spark, 

Now, one wav ot doing, that, has been by means of the re¬ 
sistance in the leads, which Mr. ha none has described, An¬ 
other way of doing it is by the fringe of e.m.f. produced by the 
pole tips. A counter e.m.f, created in the commutating coil, 
tends* to neutralise the current and stop it before the comma- 
tutor bar leave* the bru h That i obtained by shifting, the 
brushes. If, however, we could introduce into that path of 
current, between the carbon bru h and the bar, a gradually 
increasing counter e.m.f., that gradually increasing counter 
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e.m.f. would tend to stop the current not only just as'well as 
the counter e.m.f. introduced in the coil by the pole fringe, 
and just as well as the counter e.m.f. due to the drop across the 
resistance leads tends to do it, but it would do it better than 
either. Just in the same way that a high-resistance shunt around, 
the knife switch only reduces the spark but does not eliminate 
it and still leaves it with vicious character, so the high-resist¬ 
ance leads reduce the spark but do not remove it, but leave it 
with vicious character; but when you can accomplish that 
result with counter e.m.f. the character of the spark that is 
left is different. If you have enough counter e.m.f. the spark: 
is completely removed. How can we introduce into the path 
of the current between the brush and the commutator bar ad¬ 
ditional counter e.m.f.? It can easily be done by adding a brush 
made of the same material as the original brush and put along 
next to it and insulated from it, so that the current that is in 
the one cannot go to the other in any way except by going down 
into the commutator. Then you will notice where you formerly 
had, say, 1 volt counter e.m.f. between the carbon brush and 
the bar, a time will come when you will cause the current to 
go down out of the brush into the bar, then up into the other 
brush, and down into the commutator, causing 3-volt counter 
e.m.f. to be inserted into the circuit where formerly you had 
only 1 volt. In doing that you have performed a remarkable 
feat in the acceleration of the turn-over of a particular coil. 
In practise it is astonishing how well that works. Not only 
is this principle good for the additional one, what might t>e 
called the “dead” brush, but it is suitable to work with the ad¬ 
dition of two or three more brushes. The principle admits of 
considerable expansion. You may ask, why has not this come 
into more practical use if it is so effective? The reason is that 
these brushes do not wear evenly in practise, and if one wears 
a little more than the other, then you do not get the same 
uniform contact. If brush holders can be designed that will 
permit the wear of the brushes, then the results obtained by this 
method of commutation are marvelous. 

The commutators polish beautifully, and the whole char¬ 
acteristics of commutation are different. I have known gen¬ 
erators of, say, 500 kw., or over, running at 600 volts, to rum 
several years with one set of these brushes. The great enemies 
to these brushes are overloads and short circuits. The high 
voltages that often occur, no matter what commutation you 
have, burn the brushes and the insulation between them, and 
so interfere with this triple path. It is no longer perfect, 
you have the effect of only one brush as before, and the dead 
brush is a hindrance instead of a help. 

F. D. Newbury: In Mr. Martindale’s discussion he very 
correctly pointed out that hardness and abrasiveness in carbon 
brushes are not necessarily coincident properties. However, 
the important point, as I attempted to point out, is not whether 
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a brush is soft or hard, non-abrasive or abrasive, but whether 
that brush is capable of carrying the largest omvut pur square 
inch of contact surface, and I think Mr. Martindale will agree 
that the maximum current.-carrying eapae.ilis usually found 
in a, graphitic brush, and a graphitic brush is mrnalh non¬ 
abrasive, so we have the under-rut commutator. We do nut 
use the non-abrasive brush beeause the commutator is under¬ 
cut., but we vuiiler-eut the commutator so that we ran u e the 
large current-carrying brush which means, in general, a non- 
abrasive brush, The decreased eon tart drop mentioned in 
Mr, Laumir’s paper was found in the rase of a large number ot 
eomniereial brushes, both American arid foreign* and in no 
ease, as 1 remember the experiments, was an impregnated brush 
used, We all know that- impregnated brushes are pood until 
you use them; in other words, as soon as they heat up* in service 
the effect of the impregnation is very largely lost. But this 
extreme change in contact drop or temperature was found 
with ordinary commercial brushes, both hard and soli brushes, 
and was observed experimentally by heating the collector ring 
by external means so that it had nothing to do with the character 
of the surface or of the action of commutation. These l*rge 
drops were a surprise and l really belie. \ r < xj lain n am ot the 
anomalous results wc haw obtained in using tie* -ame brush 
on different machines and using, different brushes on the atne 
machine. 

Tlu.‘ permissible peripheral speed is not only a function o! 
the brushes, but is to a large decree determined by mechanical 
limitations in the design ot the commutator. As an illuMration 
of this, the highest peripheral speeds in m e are on high voltage 
machines with small current capacity and consequently having 
short, commutators. The brushes used on such machine', work 
very well up to f»000 or 7000 feet arid would work i«M a- well 
on a very long, commutator if it could he designed so that il 
would operate without deformation, So tin-.* brush character* 
bates arc not the thing that stands by the way of still further 
increase of peripheral spec*) in the majority of. large machines,. 

Mr. SmnmerlmvesV. quest.!*»n as to the explanation of what 
really happens when the load is suddenly change* h maybe 
answered by pointing out that he is correct if certain things 
happen first.* and Mr baituuc is coronet if other things happen 
first. Whichever theory is accepted* il urns! apian* with the 
facts, 

I think we all started with the idea that the different re nils 
as to fiieker obtained under different conditions, or in different 
installations* were influenced largely by the type of generator, 
hut oscillograms that had been made from all types *4 ma¬ 
chines, ranging from the low-speed unmenmumfating pole type 
to the high speed commutating pole compensated type, have all 
shown the same characteristic results. As Mr, Sunnnerhaves 
pointed out* the amount of flu* dip in voltage is a function of 
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the percentage change in load. There is a table of results given 
m Mr. Lamme’s paper illustrating this fact. The same dip in 
voltage is obtained with, say, 80 amperes change from half 
load, as with 160 amperes change from full load; also a dif¬ 
ferent change in voltage is found with the same load change 
from different initial loads. This shows, I think, the correct¬ 
ness of the explanation given in the paper. If Mr. Summer- 
hayes’s explanation were correct, we certainly should find a 
considerable quantitative difference with different types of 
generators. I would expect particularly, a radical difference 
in voltage change between non-compensated generators and 
compensated generators, a condition that has not been shown 
by the tests with which I am familiar. 

I am very glad that Mr. Dunn brought out the points he 
did in regard to commutation. Of course, Mr. L amm e’s paper 
is not complete, no paper on commutation can ever be com¬ 
plete—and it is very desirable to have the additional informa¬ 
tion which Mr. Dunn has given, brought into the record. The 
paper does not say that contact drop is a disadvantage, as Mr. 
Dunn apparently believes; the disadvantage is that the contact 
drop increases so slowly with increased current. Commuta¬ 
tion in the ordinary machine would be impossible without a 
large contact drop at the brushes and commutation would be 
very much better if that contact drop increased in proportion 
with the current, but it only increases slowly, so that with 
double load the short-circuit current may be greatly increased, 
which would not be the case if the contact drop increased in 
proportion with the load. , 
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AUTOMATICALLY CONTROLLED SUBSTATIONS 
With Particular Reference to their Application 
to interurban Electric Railways 


BY E. W. ALLEN AND EDWARD TAYLOR 


Abstract of Paper 

The paper gives a definition of an automatically controlled 
as distinguished from a remotely controlled substation, and 
also analyzes the duties of the attendant in the starting, load¬ 
ing, and shutting down, of apparatus in hand-operated stations. 

It states that the changes in the conditions of the electric circuit 
which the attendant observes may also be utilized to. operate 
control relays, and as reliable devices are already available, to 
protect the machines against overload and runaway, his assist¬ 
ance in these matters is no longer necessary. The paper then 
proceeds on the assumption that converting apparatus should 
be automatically controlled and that the conditions which 
have heretofore governed both the design and location of sub¬ 
stations can be modified to advantage in many cases. It advo¬ 
cates a reduction in size and an increase in the number of sta¬ 
tions and endeavors by example to show the large saving in 
feeder copper which the proposed arrangement permits. Final¬ 
ly, a description is given of the automatically controlled sub¬ 
stations installed on the lines of the Elgin & Belvidere Electric 
Railroad. 

A N AUTOMATICALLY controlled substation may be 
defined as one in which the functions of starting and con¬ 
necting the machines to the line whenever there is a demand 
for power, and finally shutting them down after the demand 
for power has been satisfied, are all performed in their proper 
sequence, without the assistance of an operator either in it or 
adjacent stations. The automatic equipment does not require 
a separate feeder to each substation, and is, therefore, essentially 
different from a remotely controlled system with a separate feeder 
to each machine, and in which the operation both of starting and 
stopping the machines is performed by an attendant in the 
station from which the power is supplied. 

The starting, loading and shutting down of converting appa¬ 
ratus in railway substations has heretofore been left to the judg¬ 
ment of the attendant, and ammeters and voltmeters are relied 
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upon to show him whether or not there is a demand for power, and 
also to indicate the proper timing of the starting operations. 
The changes in the condition of the electric circuit which the 
attendant observes on these instruments, may however, readily 
be utilized for operating relays in control circuits, and if the 
control equipment is made to act automatically in a properly 
timed sequence, his judgment in these matters is no longer 
necessary. 

The character of electric energy is such that it is possible to 
instantly concentrate a large amount of energy at the point where 
* trouble develops and the standard protective devices are, there¬ 
fore, both automatic and instantaneous in their action. The 
chances of the attendant being able to anticipate trouble are 
remote, and abnormal conditions develop so quickly and are 
often so obscure that his principal duty under such circumstances 
is to limit the extent of the injury and confine it to the particular 
piece of apparatus or circuit in which it originated. Reverse 
current relays and mechanically operated speed limiting devices 
are generally provided and must be relied upon to protect against 
injury due to overspeed. Compound-wound synchronous con¬ 
verters, for example, usually run away in a reversed direction of 
rotation, and if the protective devices fail to act automatically, 
the circumstances attending the machines stopping and starting 
again with the opposite direction of rotation are so unusual, 
that the armature will generally have reached a destructive 
speed before the operator has analyzed the conditions and opened 
the proper circuits. 

Electrically-operated switches are reliable devices which, of 
course, do not require the services of an attendant for the work 
of closing and opening them, and careful inspection at regular 
intervals is sufficient to insure their successful operation. 

The authors have endeavored to state in the preceding para¬ 
graphs some of the reasons which in their opinion make it practi¬ 
cable to dispense with the services of an attendant in many rail¬ 
way substations, and if we proceed for the moment on the assump¬ 
tion that it is practicable to do this, it is evident that the de¬ 
sign of both converting and distributing systems will be affected 
to some extent by these new conditions of operation. The neces¬ 
sity of having two and even three shifts of skilled attendants 
has heretofore influenced the number, size and location of sub¬ 
stations, and these have in turn affected the amount of feeder 
copper and consequently the choice of trolley voltage. It is 
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desirable to increase the number of stations and to cletTea.su the 
relative size of the machines if they are automatically controlled. 
If the buildings are designed with particular reference to their 
ability to house the apparatus and without regard to the comfort, 
and convenience of the operator, it is probable that their total 
cost will be no greater than that of a fewer number of stations 
designed to meet both of these conditions. Special considera¬ 
tion should In.* given to the saving in ieeder cupper, which results 
from decreasing the distance between substations and also to the 
better distribution of load between machines which this arrange* 
ment permits. 

The possible saving of copper in the direct current di: inbming 
system of an interurban electric railway is well illustrated by com 
paring the relative amounts of feeder copper required, first, on 
the assumption that a system is laid out to use the standard 
hand-operated substation, and second, on the assumption that 
automatically controlled substations of twice the number and 
having the same aggregate capacity are to be used. 

A single-track road 32 miles in length, using dthton ear's equip 
IH»d with four 75 h.p. motors capable oi a maximum speed ot 
■10 mi. per hr,, a schedule speed of 21 mi. per hr. with one •■•top 
per mile, a rate of acceleration of 1 1 im per hr per av and 
70-11 n rails and a 1 0 trolley wire will boused. The above a-* 
sumptions are common to both eases It is estimated that m 
rase one, with three hand-operated otJUdcw , bOtl-vol! stations 
located 12 miles apart and with four-mile stub end feeds, 202,000 
lb, of feeder copper will be needed. No addition has been 
made in the total weigh! of copper for either the fmllrv feeder 
taps or the sag, in the hue Six autumaftraily■■controlled sub 
stations, each of 250 kw eupueilv. would be used in flte second 
ease. They should be located at or near the points where the 
ears meet and pass and should, therefore, be spared seven miles 
apart with two mile stub end feeds. No feeder copper is re- 
tjuired in the last ease in addition to the regular 1 0 trolley wire 

These figures emphasize the relation wliirh the feeder copper 
bears to the distance between substations, and show that the 
economical limits of the lower voltage imllev systems are con¬ 
siderably increased provided the location and number of these 
stations is not affected adversely by the assumption that attend¬ 
ants must be provided for them. 

The special purpose of the high-voltage, direct-current trolley 
system is to save feeder copper and reduce the number of coin 
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verting stations, although the latter may sometimes be increased 
to advantage under the conditions previously noted for the 
lower voltage systems. Sudden changes in current induce 
relatively high voltages in long feeders and return rail circuits, 
and furnish an additional reason for increasing the number of 
stations on these lines. In this connection it may be noted that 
the feeder circuits from automatically controlled machines are 
not opened on overload or short circuit, but are protected by 
inserting a limiting resistance in them. The energy needed to 
start cars that meet and pass on a siding near a substation is 
somtimes sufficient to open the breakers and even to flash the 
machines. The speed and counter e.m.f. of the motors may at 
this time conform to an impressed voltage of 200 or less, but 
when the attendant closes the feeder breakers, the motors are 
instantly subjected to the normal trolley voltage of 600, which 
may flash the commutator or otherwise strain the equipment. 
The severity of these troubles is reduced if there is a reasonable 
amount of resistance in the circuit between the cars and station 
bus, and it is inadvisable, therefore, to tap the trolley imme¬ 
diately in front of the station. In the proposed system the feeder 
circuits as previously stated, are not opened either on overload 
or short circuit, the protective resistance being bridged in suc¬ 
cessive steps in order that the trolley voltage may be restored to 
its normal value gradually. 

Congestion of traffic does not cause dangerous overloading of 
the relatively small units used in automatically controlled sub¬ 
stations, as the current-limiting devices give a drooping voltage 
characteristic to the apparatus so exposed, and the demand for 
power as shown by this drop in voltage will automatically start 
the machines in adjacent stations. The size of the individual 
machines will be small, principally because their number has 
been increased, and as they are protected from severe overloads 
their combined capacity may be less than the capacity of the 
apparatus in railway substations as usually applied to the same 
conditions. 

The proportion of load carried by the stations either side of the 
one which was overloaded could be increased if their voltages were 
raised when they were lightly loaded. Automatic field regula¬ 
tors for the generator end of motor-generators, and induction 
regulators for the alternating-current side of synchronous con¬ 
verters are available and may be used to advantage under these 
conditions. The time required for starting and connecting ma- 
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chines to the line is also of importance when we are discussing 
the possibility of their sharing with other machines a load which 
may last only for a few minutes. A 500-kw. 25-cycle synchron¬ 
ous converter may be readily started from rest and connected to 
the line in thirty-five seconds, and a 300-kw. unit will require 
only twenty-five seconds for the same operation. Hand-operated 
stations would require a considerably longer time to start and 
connect to the line, and to this must be added the interval of 
time for the attendant to observe the load conditions and con¬ 
clude that it is desirable to start an additional machine. The 
choice between motor-generator sets and synchronous converters 
has heretofore been determined largely by the difference in their 
efficiencies, especially at light loads, but if these losses can be 
saved and the machines are only operated under load, other 
characteristics may govern the selection of converting apparatus. 
Induction motor-generator sets in capacities below 1000 kw. 
may be started in considerably less time than is required to 
start synchronous converters of corresponding size, and this 
circumstance might influence their selection for work which made 
it necessary to start the machines within the time needed to 
accelerate a car or locomotive. Conditions of this kind might 
be found in a large freight yard. 

The voltage characteristic of shunt-wound machines is ob¬ 
viously better adapted than that of compound-wound machines 
to this system of operation, and as their control is more simple, 
they would probably be selected for new installations. 

The light load losses are a fairly high percentage of the total 
kilowatt-hours supplied to substations delivering energy to a 
system having an infrequent car service. It is estimated that 
0.5 kw-hr. is required to start and connect to the line a 300-kw. 
25-cycle, 600-volt synchronous converter. The running light 
losses of this machine are 0.34 kw-hr. per minute and would, 
therefore, equal in 1.44 minutes the energy required for starting. 
The load conditions in the substations of a single track road hav¬ 
ing a 90-minute car service, will often justify shutting down a 
300-kw. synchronous converter twelve hours during each day. 
If the passenger and freight business at a substation require the 
services of an agent, automatic starting will save the running 
light losses and will also give him more time for his other duties. 
Frequent starting by hand soon becomes burdensome and also 
involves more risk of injury to the apparatus than the other 
method. 
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The traffic conditions on an existing 600-volt system may grow 
until the management believes it is necessary either to increase 
the feeder copper or adopt a higher trolley voltage m order to 
handle the load and maintain the schedule, although it is quite 
probable that automatically controlled substations could be 
substituted to advantage for either of the alternatives suggested 
above. Compromises are often made in the engineering sur¬ 
veys and calculations which determine the trolley voltage and the 
size, number and location of substations for interurban electric 
railways. Standard practise in these matters is a result of many 
years’ experience and the effect of the changes suggested might 
not be sufficient when taken singly to warrant their adoption, 
but when the combined effect is considered, their use might 

easily be justified. _ _ . 

The automatic control which is described m the following 
pages was installed last winter in the Union, Illinois, substation 
of the Elgin & Belvidere Electric Railway Company, and inso¬ 
far as the authors are aware, it is the first installation which 
fully meets the definition of an automatic system as given in 
the opening paragraphs of this paper. The railway company 
operates a standard gage, single-track, 600-volt interurban 
trolley system. Electric energy for the system is purchased 
from the Aurora, Elgin & Chicago Railroad at 26,000. volts, 
three-phase, 25-cycle, and is delivered to substations at Gilberts, 
Union and Garden Prairie, where it is transformed and converted 
into direct current at the required voltage. The substations 
each contain a standard 300-kw. 600-volt, 25-cycle, three-phase 
synchronous converter, three 110 -kw. 26,000-370-volt, single¬ 
phase, oil insulated, self-cooled transformers, a reactance coil, 
a high-tension panel and switching equipment, and three low 
tension panels. The above apparatus was delivered and in¬ 
stalled in 1906. The automatic equipment was installed in 
December, 1914, in the Union substation for the purpose of sav¬ 
ing the light load losses and giving the attendant more time 
for his other duties. The management of the road decided 
after some experience with the first installation to adopt the 
new system of control for the two remaining substations, and 
in August, 1915, eight months after the first installation, all of 
the substations were equipped with automatic control, as de¬ 
scribed and illustrated in the following pages. 

A general idea of the amount and relative dimensions of both 
the hand-operated and automatic-control equipment may be 
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obtained by reference to Pi^s, 2, 2, t, and a. I hr wiring 
diagram (Pity I) shows both the complete automatic equip- 
men! and the standard hand-*operated dev u*esoriginal!y supplied 
with this substation, and whieh have for convenience been 



grouped a! tin* riyhtdiand side of the diagram. Wherever a 
i lead ended wire appears in this sketch with the sitfi* M X '* oi 
" O '* it indicates that the wire runs directly hark and is eler 
trieallv connected in the " X M nr *' O M side oi the am euulro! 
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switch. The wires with the negative sign adjacent to them 
are connected to the grounded side of the d-c. system. This 
convention was adopted to avoid a confusion of lines in the 
diagram. 

The automatic equipment is wired in multiple with the 
existing hand-operating devices and does not conflict with them 
in any respect. The station can be instantly converted from 
hand control to automatic, or vice versa , by throwing the double¬ 
pole, double-throw switch marked No. 8 in Fig. 1. The various 
relays and switching mechanisms used with the automatic con¬ 
trol may be divided into six groups. The first of these consists 
of an adjustable contact-making voltmeter, marked No. 1, 
and an adjustable current-holding relay, No. 37. These selec¬ 
tive devices initiate the process of starting or stopping the 
machine. The second group consisting of relays 2, 3, 4, 5 and 
6, is arranged for transmitting or stepping up the action of the 
aforementioned selective devices. Group three includes a 
motor-dirven drum controller shown in the lower left-hand 
corner, a small d-c. exciter, and an electrically operated oil 
switch shown at the upper right-hand section of the diagram. 
The next set consists of contactor No. 17 which opens the 
shunt around the series field when the machine is started; also 
four-pole contactor No. 14, which is used for fixing the polarity 
of the converter by momentarily closing its shunt field across 
the terminals of the exciter, and contactor No. 31 serving the 
purpose of a field break-up switch and closing the shunt field 
of the converter across the terminals of its own armature. 
The contactors which carry the full load current of the con¬ 
verter constitute group 5, and consist of tw r o double-pole con¬ 
tactors marked “ S ” and “ R,” which are used respectively 
for applying one-half and full voltage to the slip rings of the 
converter; also four single-pole contactors No. 18, 19, 20 and 
21, which are used in conjunction with a cast grid resistance 
as a load limiting device. Group 6 includes the protective de¬ 
vices and' is made up of the following relays: Inverse time 
limit overload No. 26; a-c. low-volt age No. 27; instantaneous 
overload No. 23, 24 and 25; reverse current No. 35 and 36; 
and relay No. 37, which is connected to the three thermostats 
marked No. 38. 

It might be as well before proceeding further to discuss the 
salient features of the selective devices comprising the first 
group. Contact-making voltmeter No. 1 consists of an elec- 
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tromagnet permanently connected from the overhead trolley 
line to the negative rail. It is provided with a moving plunger 
connected to a pivoted contact-making arm, which moves be¬ 
tween an upper and lower stud, depending upon the value of 
the line voltage. The contact arm touches the top stud in 
the low-volt age or open circuit position. The closing of this 
contact is the initial movement for starting the rotary and it 
does not leave the upper post until the voltage exceeds 500. 
The lower stud is the cut-out position and the movable arm 
reaches it when the trolley potential exceeds 600. The con¬ 
tact arm, as shown in Fig. 1, is in the mid-position and indi¬ 
cates approximately 550 volts. A dash pot connected to this 
arm retards its movement about six seconds and prevents its 
responding to momentary fluctuations in the voltage. Arranged 
in circuit with the magnet of the contact-making device is a 
high-resistance tube, shown in the sketch just above the volt¬ 
meter. This resistance tube is normally short-circuited by the 
auxiliary contact of current relay No. 37, and under these con¬ 
ditions the instrument functions in its normal way. However, 
when more than a predetermined amount of current flows 
through relay No. 37, its plunger and disk are both raised, re¬ 
moving the short circuit from the high-resistance tube and 
placing this resistance in circuit with the magnet coil of the 
voltmeter. This action as applied to the magnet coil is equiva¬ 
lent to a condition of low voltage, and the contact arm will 
maintain its position at the upper stud. 

It will now be possible to follow each device in its proper se¬ 
quence through a complete operation of starting, running and 
shutting down of the converter. Let us assume that there are 
no cars operating in the zone of this station, and that the poten¬ 
tial on the overhead trolley line is between 550 and 600 volts. 
At this time the various devices in the station are in the position 
shown in Fig. 1, and as a car or train enters this zone, the poten¬ 
tial on the trolley will gradually be reduced to a value of 500 
volts. Under these conditions the movable arm of contact¬ 
making voltmeter No. 1 would touch its upper stud* and this 
would complete a circuit through the magnet coil of relay No. 
2, whose plunger and auxiliary contact disks would be drawn up 
against and short-circuit its contact studs. The upper disk of 
this relay would form a permanent circuit for holding up its 
plunger, and the lower disk in the upper position would complete 
a circuit for the magnet coil of relay No. 3. It will be observed 
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that relay No. 2 serves the double purpose of removing the arc 
from the contacts of voltmeter No. 1 and of a switch for com¬ 
pleting the circuit for relay No. 3, which is constructed so that it 
does not break its contact immediately after the magnet is de¬ 
energized. The plunger is provided with dash pot, toggle and 
lost motion mechanism, so that it drops slowly for two and one- 
half minutes without opening its top contacts, but at the end of 
this period of time it engages the toggle and opens the main 
contacts. The timing device is necessary in order to provide 
against this station being shut down when the only car in its 
zone ceases to take energy and stops for a short time to load 
freight or receive train orders. When this same relay is energized, 
its plunger is raised instantly, and completes a circuit through 
the interlocks of relays No. 26, 27 and 37, and also through the 
magnet coil of contactor No. 4. The last-named contactor 
supplies current to one of the main studs of contactor No. 6 
and also to finger No. 14 of the'drum controller. At the off posi¬ 
tion of this drum controller, finger No. 17 is in contact with a 
segment of the same group and electrically connected to control¬ 
ler finger No. 14, which energizes finger No. 17 and the circuit 
to the magnet coil of contactor N o. 6. This contactor then closes 
and completes the circuit supplying energy to a single-phase 
motor used for driving the drum controller which is operated 
only during the time the converter is being brought up to syn¬ 
chronous speed and connected to the line. The time required for 
this operation is approximately thirty seconds. As the controller 
drum is rotated toward the right, the short segment in the same 
group as those which engaged fingers No. 14 and 17 is brought 
in momentary contact with controller finger No. 16, which ener¬ 
gized this finger and the circuit to the magnet coil of contactor 
No. 5. The closing of contactor No. 5 energizes finger No. 1 
of the drum controller, and also completes a circuit for closing 
the high-tension oil switch marked No. 7. 

It should be noted that No. 5 contactor is in reality a master 
switch and has an important part to perform in the sequence of 
operation, as all the circuits required for operating the mam 
solenoids switches are supplied through its mam contacts, and 
when it is opened all the main solenoid switches immediately 
resume their normal or open position. Contactor No. 5 can be 
closed only when finger No. 16 engages the short controller 
drum segment opposite. Contactor No. 5 may, however, be 
held closed although it will not pick up through the segment 
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which bears on controller finger No. 15, and it is important to 
note that the starting position is thus definitely fixed by the length 
and location of the short segment opposite finger No. 16, and 
that at no other position of the controller can any device be 
closed unless finger No. 16 has first been energized, and coincident 
with this an uninterrupted circuit has been established through 
finger No. 15. 

The holding circuit for contactor No. 5 through finger No. 15 
is also carried through the auxiliary contacts of the reverse cur¬ 
rent relay and the auxiliary contacts of the oil switch mechanism 
when the oil switch is closed. When finger No. 16 was energized 
finger No. 2 was also energized and closed the circuit to the mag¬ 
net coil of the double pole a-c. contactor marked S. The closing 
of this contactor places half voltage on the slip rings of the con¬ 
verter and the armature starts and reaches synchronous speed in 
approximately fourteen seconds. Finger No. 4 then engages its 
segment and energizes the four-pole contactor No. 31, closing it 
and momentarily placing the field of the converter across the 
terminals of the d-c. exciter, promptly fixing the polarity of the 
converter. 

Segment No. 4 runs off in four seconds, dropping four pole con¬ 
tactor No. 31, but before this action is completed, finger No. 3 
engages its segment and closes field break-up switch No. 14, 
placing the shunt field of the converter directly across its own 
armature. As the rotation of the controller continues finger 
No. 2 disengages and finger No. 5 engages a segment. This 
open circuits starting contactor 5 and closes running contactor 
R, placing full voltage across the slip rings of the converter. 
Contactors S and R are both electrically and mechanically inter¬ 
locked. 

Full d-c. voltage is now available at the terminals of the 
converter, and as double-pole, double-throw switch No. 8 is 
in the upward position for automatic operation, and the circuit 
to finger No. 6 of the drum controller is energized from the posi¬ 
tive terminals of the converter, contactor No. 17 is then closed 
by finger No. 12 and the circuit closed to the series field shunt. 
The moving contact of polarized relay No. 36 closes the circuit 
through finger No. 7, and energizes the magnet coil of contactor 
No. 18. The negative side of the control circuit of this group of 
contactors is carried through the auxiliary contacts of both the 
a-c. contactor R and the field break-up switch No. 14, and should 
either of the last named devices be in their open position, a cir- 
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cuit through the magnet coils of line contactors Nos. 18,19,20 
and 21 could not be established. Contactor No. 18 now closes 
and connects the positive side of the converter to the positive 
bus through a cast grid of 0.7 ohm resistance shown above con¬ 
tactors No. 19, 20 and 21. Finger No. 8 then closes contactor 
No. 19 which short circuits one-third of the resistance. The 
negative side of the magnet coil of contactor No, 19 15 ^ amed 
through the auxiliary contacts of current limit relay No. 3, 
which is normally closed, but is opened on overload. The two 
remaining line contactors No. 20 and 21 are closed m the same 
manner through controller fingers No. 9 and 10 and the conver er 
connected to the line without a limiting resistance. The drum 
controller has now advanced to its full running position an 
finaer No. 17 has disengaged its segment and opened the holding 
circuit of contactor No. 6. This contactor when closed completes 
the circuit through the motor driving the controller and as it is 
now opened, the motor and the controller drum stop and the 
converter continues to run so long as the output of the machine 
is above the predetermined value for which the current coil of 
No. 37 is adjusted. 

If an overload should occur on the d-c. system, overload re¬ 
lays No. 23, 24 and 25 would operate and open contactors No. 
19, 20 and 21, placing resistance in the circuit. These three 
overload or current limiting relays are calibrated for 700, 800 
and 900 amperes respectively, and the number which would 
drop out would, depend therefore, upon the magnitude of the 
overload. The relays would reset themselves and close these 
contactors when normal conditions had been restored. It will 
be observed that these contactors take the place of the stand- 

ard circuit breaker. ,, 

A short circuit in the machine such as a flash between the 
converter slip rings or brush holder studs, operates inverse 
time limit overload relay No. 26 which opens the circuit of the 
magnet coil of contactor, No. 4, and as this contactor completes 
the holding circuit of contactor No. 5, the latter will now open, 
and in so doing will open all of the solenoid switches carrying 
the main current. Before these main line contactors could be 
reclosed, it would be necessary for the motor driven drum con¬ 
troller to again operate through its complete cycle. It should 
be particularly noted that overload relay No. 26 may be set 
so as definitely to limit the number of its actions to .either one 
or two operations. 
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Low-voltage a-c. relay No. 27 is adjusted to break its aux¬ 
iliary contacts if the voltage falls below 10 per cent below the 
normal value and the resulting action is the same as that de¬ 
scribed for relay No. 26. Three thermostats marked No. 38 
afford protection to the apparatus from overheating. The 
auxiliary contacts of these devices complete the holding circuit 
of relay No. 37, which is normally in the closed position, al¬ 
though its action when opened is similar to that described for 
relays No. 26 and No. 27. The thermostats are located in the 
bearings and in the air currents from the armature ventilating 
ducts. The reverse current relay No. 35 opens master con¬ 
tactor No. 5, which action, as previously explained, will open 
all of the main control circuits. Contactor No. 5 is also opened 
by the mechanical speed-limiting device on the converter arm¬ 
ature shaft. 

Assuming that conditions have all been normal and that the 
car or cars are leaving the zone of this substation and its energy 
output is gradually decreasing in value, the plunger of current 
relay No. 37 will finally drop, closing its auxiliary contact and 
short circuiting the resistance in series with the contact-making 
voltmeter, allowing it to function in its normal manner. The 
voltage on the machine is now 600 or above and the movable 
arm of the contact making device engages the lower contact stud, 
short circuiting the magnet coil of relay No. 2, allowing its 
plunger to drop and open the magnet circuit of relay No. 3. 
As the magnet coil of relay No. 3 is now open, its plunger be¬ 
gins to fall and is retarded by the action of a dash pot. At 
the end of 2| minutes, the plunger has completed its travel 
and engages the toggle, opening the holding circuit of con¬ 
tactor No. 4 which de-energizes the circuit to controller finger 
No. 14, and drops out master contactor No. 5 shutting down 
the station. When contactor No. 5 opens, the lower auxiliary 
contacts close, energizing controller finger No. 19, which in 
turn energizes finger No. 18 and thereby closes contactor No. 6 
in the circuit of the motor driving the controller, which starts 
and advances the drum to the position indicated in Fig. 1. 
A complete cycle has now been finished and the equipment is 
ready for the next cycle. 

This paper has discussed automatic control with special 
reference to its application to electric railways. It may, how¬ 
ever, be used with advantage to control converting apparatus 
supplying energy to direct-current lighting and power systems. 
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and when so applied the action of the contact-making volt- 
meter can, if necessary, be supplemented by a cont act-making 
time clock. Some conditions of operation in large Edison 
systems may even warrant the use of a control wire from the 
substation to the load dispatcher’s office and thus provide addi¬ 
tional means for controlling the starting and stopping of the 
machine. Substations containing more than one unit would 
use a contact making ammeter to initiate the starting action 
of the second and third units. The saving in feeder copper 
due to increasing the number of substations supplying energy 
to an Edison system should be given careful consideration in 
either laying out a new system or extending an existing three- 
wire network. 

The automatic system may with certain modifications be 
applied to the control of hydroelectric generating stations. 

Short circuits and heavy overloads on the busbars of rail¬ 
way substations frequently transfer all of the load to one ma¬ 
chine by opening the circuit breakers of the other units opera¬ 
ting on the same buses. This may result in flashing the unit 
remaining on the buses, and if this does not occur, the machine 
breaker will probably open and completely shut down the sta¬ 
tion. The combination of the load-limiting resistance and its 
automatic overload relays and contactors may be applied to 
advantage in these substations to prevent interruptions of the 
nature described above. 

The presentation of this subject must be confined to its 
proper limits and as a full discussion of the possibilities of auto¬ 
matic control would lead us far afield, the paper will be sum¬ 
marized with the statement that the practise of converting and 
delivering a large amount of energy from a single substation 
is attended with difficulties that have retarded in some measure 
the growth of the systems which they supply. The methods 
of control described in this paper will modify the condition 
which have heretofore restricted the application of converting 
apparatus and may, therefore, extend the economical limits of 
low voltage systems of distribution. 

Acknowledgment should be made here of both the advice 
and encouragement received from Bion J. Arnold, owner of 
the Elgin & Belvidere Electric Railway Company, who promptly 
grasped the possibilities of the automatic control and provided 
the initial opportunity to demonstrate in actual service the 
desirability of an equipment of this character. 
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Alex Dow, president of the Detroit Edison Company, pointed 
out in 1911 the limitations in the present methods of operating 
substation apparatus and suggested the use of remotely con¬ 
trolled equipments. His activities resulted in the installation 
of a remotely controlled substation at Detroit which has operated 
with success since 1912. The automatic control carries to a 
logical conclusion the interesting ideas involved in the instal¬ 
lation at Detroit. 
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Discussion on “ Automatically Controlled Substations” 
(Allen and Taylor), San Francisco, Cal. Sept. 16, 
1915. 

A. H. Babcock: Some years ago when a rather large moun¬ 
tain railway electrification was being studied, an attempt was 
made to lay out two substations so that they could be operated 
only when the trains might demand the power. At that time 
automatic operation had not been suggested. The idea was 
merely to save substation apparatus, in order that the macliirLes 
might have time to cool down, having planned to over-load, them 
very heavily as the trains went by. The automatic control of 
such substations, considering the machine capacities there 
involved, is a little startling, particularly when one has been 
brought up with the old-fashioned machinery that required 
the very best of attention. 

I cannot agree with the previous speaker, that substations 
should be placed in certain locations merely for the purpose of 
preventing electrolysis. There must be some deeper and more 
general reason than that. Electrolysis where it exists, or where 
the potentials producing electrolysis exist in a dangerous degree, 
can be taken care of much more easily, as has been found in one 
case in particular, by the introduction of a booster set auto¬ 
matically controlled by a voltage regulator. One such installa¬ 
tion in Oakland, Cal., is now working out very nicely. The 
action is entirely automatic and the potentials of the track 
at the dangerous point are kept very closely to busbar poten¬ 
tial, i.e within a fraction of a volt (on a 1200-volt line), which 
seems to be quite close enough. 

On long interurban lines, such as are common in this part 
of the country, a very great field for this sort of thing seems to 
be open. One company is now planning a considerable exten¬ 
sion on a 1500-volt system, and if such a development as is 
outlined in this paper can be introduced generally, the facts 
should be made known. 

R. F. Schuchardt: The foundations for economical power 
generation have now been well laid and the further work of the 
operating engineer is directed toward refinements in methods 
and apparatus that will result in still further reducing the cost 
of that part of the service represented by the electricity . 

The installation described in this paper is a very interesting 
one and is working quite satisfactorily. 

As Mr. Babcock has indicated, this development will undoubt¬ 
edly have an important bearing on the electrification of steam 
railways. 

The authors have stated in their paper and Mr. Place has 
repeated that while the installation described is used, in con¬ 
nection with railway service, the scheme is also applicable to 
lighting systems. This is true, but to a very much lesser extent. 
The conditions surrounding an interurban railway system, such 
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as the one referred to in the paper, are unusually favorable for the 
development of automatic substations; but with a lighting 
system, especially in the larger cities, the problem is not so 
fortunate with regard to simplicity. In the latter the voltages 
must be maintained much more closely; the inter-connected 
network maintains the voltage so that if a machine drops off 
there is a comparatively small decrease of pressure in the back 
feed; and the regulating devices also complicate, somewhat, the 
starting arrangement. While these and other conditions jinake 
the situation somewhat complex, the engineering solution is 
of course, not difficult but it is probable that the cost of the 
necessary apparatus for making such lighting substations auto¬ 
matic without sacrificing reliability may be so high that the 
fixed charges on this apparatus will much more than offset the 
difference in the operating cost. . 

Another element that enters is the size of unit which can be 
safely operated in this manner. I do not believe that the 
authors would at this time recommend placing a 3500- or 4000- 
kw. unit on the automatic basis and the cost of available space, 
especially in the larger cities, is so high that units of such size 
must be used to obtain an installation which is sufficiently 
economical to permit selling energy at the low rates prevailing 
in such cities. In such lighting substations, however, where 
units are comparatively small, as in outlying substations, the 
problem may be successfully worked out. . Since, as stated. in 
the beginning, the successful solution will result in further 
economy, it is desirable that central stations assist in this de¬ 
velopment and I would suggest that several companies try out 
this scheme, say, on a single unit in one of the smaller sub¬ 
stations where it will be under the eye of an operator who is 
taking care of the other units in the same substation, bucb 
actual trials should assist materially in discovering faults which 
may be in the present apparatus and in eliminating them. 

H R. Summerhayes: In my connection with the engineer¬ 
ing department of a manufacturing company I have noticed the 
wide variety of requirements of automatic stations. The firs ^ 
station, which at that time was called an automatic station, 
was that installed in Detroit—it is really a semi-automatic sub¬ 
station, controlled from a distance. The starting was taken 
care of from a distance, but the operation of the station was 
automatic, so far as taking care of short circuits or other 

^lETworked out the details of that station which was 
originally suggested by Mr. Dow, of the Detroit Edison Com¬ 
pany, I have been consulted a good many times on other auto¬ 
matic stations, and as I say, I have noticed a very wide variety 
of requirements. All the operators appear to have different 
renuirements—some prefer to start with a time-clock, and 
some prefer to start according to the demand for current, as 
is “he case with the substations described m the paper now 
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under consideration. Other operators believe that for rail¬ 
way substations the tendency is toward controlling a number of 
small substations from a central station by control wires. 

• railwa y substations the first one in operation, described 
m the paper by .Messrs.. Allen and Taylor, uses the principle 
of inserting a resistance instead of opening the circuit breaker. 
Other stations have been designed and will shortly be put into 
operation, in which the automatic operation follows very closely 
the usual practise of the operator; that is to say, we all know in 
railway work, that when an over-load, occurs and the circuit 
breaker opens, the operator replaces it, and if it comes out 
again, he replaces it after an interval, etc. Stations have been 
worked out m which that is done automatically, instead of in¬ 
serting resistance, and some engineers believe that this method 
has advantages over, that described in the paper. Other sta- 

llo ^ s y, ave been designed in which a combination of the two 
methods is used. 


In working up the design of wiring diagrams for these auto- 
■ matic substations it is necessary to be familiar with the con¬ 
ditions of operation and to try to foresee anything that may 
Happen. For instance, you have to assume a short-circuit 
out on the line, close to the station, in the station itself or in 
the machine, and figure out what is going to happen; and if the 
apparatus does not take care of it, it should be made to. You 
have to assume that any relay or any switch may fail, and then 
you must be able to predict what will happen.' The arrange¬ 
ment should be such that any single piece of apparatus in the 
au omatic operation may fail without doing any damage, and 
that the worst thing it could do would be to shut down the 
station. Of course, we do not want to do that if -we can help it. 

lhe use of automatic substations does away with some 
operators, there will be a smaller number of operators on the 
system; but where there are a number of substations there 
will be required probably one or two inspectors, men more 
expert than operators, possibly, receiving higher wages 
..Ihese men would visit the stations and see that they are kept 
m good shape, so that the expense of operators is not alto¬ 
gether done. away, with, but is greatly reduced. Heating of 
the automatic station is not necessary. That is quite an ex¬ 
pense m a cold climate. The relays and automatic switches, 
e c., must be absolutely reliable. They must be reliable in low 
temperatures if there is no heating in the station. They must 
be capable of frequent operation. Sometimes widely fluctua- 
tmg conditions demand quite frequent starting and stopping 

These stations have been designed for either motor-generators 
or synchronous converters. The details of the starting are 
somewhat different. s 

1 agree with.Mr. Place that there is a future for some of the 
principles used m these automatic stations, and for the application 
of some of these principles to the starting of large machines in 
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city systems. By using semiautomatic starting, we will get 
absolutely correct sequence of operation and starting, the same 
every time, eliminating, to some extent, the human element. 

I do not believe in increasing the number of substations. 
That was pointed out in the paper as a possible consequence 
of the use of automatic stations. I believe it would be better 
to keep the number as low r as possible, even at some increased 
capital expense. 

C. W. Place: Mr. Babcock mentioned the matter of the ex¬ 
pense of such equipment. If the saving of a $60 a month 
operator, and the price of power, say, at 5 mills, is capitalized 
there is about six or eight times the investment available. 

Locating railway substations in the congested downtown 
districts, where the return would be^short and consequently the 
drop would be small, will prevent any trouble from electrolysis. 

As to Mr. Schuchardt’s remarks, the operation of a station 
at Union, Illinois, has been exceedingly satisfactory. At the 
time I inspected the operation the commutator of the converter 
was becoming much better than it had been under hand opera¬ 
tion. At that time the station had been in operation three 
weeks, and where the circuit breakers had been previously 
opening about twenty times a day, due to overload, there had 
been two openings of the circuit breaker which had been left 
in series with the station. The limiting resistance functioned 
several times while I was in the station and dropped the trolley 
voltage slightly. In one case the station accelerated a car 
from directly in front of the station. It worked to perfection. 

Concerning Mr. Summerhayes’s comments on the current- 
limiting resistance versus the frequent opening of feeder circuit 
breakers, I believe that is touched on in the paper by point¬ 
ing out the effect of throwing the 600-volt line directly on the 
railway equipment, working at low counter e.m.f. This easing 
on of the synchronous converter set of our contol system will be a 
great advantage and of benefit to the life and condition of the 
commutators of railway equipment. 

Regarding the possible failure of parts, the equipment that 
has been used in the stations which have been installed has 
been of standard parts, such as are used in steel mill and switch¬ 
board work. They have all had very severe tests and there 
has been absolutely no failure on that score. 
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STANDARD MARINE ELECTRICAL INSTALLATIONS 

BY H. A. HORNOR 
Abstract of Paper 

The requirements of merchant and naval installations are 
cited in brief. The rules of the classification societies are 
reviewed and present practise is fully discussed. Then follow 
the specific applications to a number of different types of ships, 
including both merchant and naval vessels. The reasons for 
the application of electric propulsion to a battleship are briefly 
given. 

T HE ESTABLISHMENT by the Institute of a Committee 
on the “ Use of Electricity in Marine Work ” has been 
fully justified in that already a number of papers on specific 
equipments such as electric steering gear, gyroscopic com¬ 
pass, electric heating, searchlights, electric propulsion, etc., 
have been presented, discussed and recorded. There is here 
a two-fold value: the segregation for reference and research by 
those concerned in this work, and the increased value to the 
Institute as its part in the development of what presages to 
be one of the important applications of electricity. This Com¬ 
mittee, having collected data on all the important points con¬ 
nected with marine electrical installations from as many dif¬ 
ferent sources as possible, desires to present a monograph re¬ 
cording the best practise at this time in this country. 

The rules and requirement for merchant vessels will be first 
treated; next will follow the general considerations for govern¬ 
ment vessels; and then a brief consideration of the applica¬ 
tions to a number of different types of vessels. 

General Requirements for Merchant Practise 
Merchant vessels are usually constructed in accordance with 
the requirements of some classification society which establishes 
also the rules for the electrical equipment. In this country 
most of the vessels are built to the requirements of either the 
American Bureau of Shipping or Lloyd’s Register of British 
and Foreign Shipping. Other classification societies are Bureau 
Veritas (French), Germanischer Lloyd (German), British Cor- 
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poration (English), and Great Lakes Register (U. S .A.). 
Besides the rules of these underwriting societies the electrical 
installation must conform to the rules of the Steamboat In¬ 
spection Service, under the cognizance of the Department of 
Commerce, in certain cases to the rules of the National Board 
of Fire Underwriters, and also to certain specifications issued 
by the owners of the vessels. The rules of the societies above 
mentioned and those of the government are general in character 
and apply to all classes of vessels. The requirements of the 
owners are usually specific and serve to standardize for them 
the various equipments so as to reduce upkeep and main tain 
a similarity of spare parts. It frequently happens that the 
owner specializes in a certain trade and his vessels are therefore 
built and equipped for this definite purpose. 

The requirements of the American Bureau of Shipping for 
the electric plant are briefly as follows: The voltage shall be 
about 125 volts, preferably direct current. If alternating cur¬ 
rents are used there must be an increase of 50 per cent in the 
insulation resistance of the wires. Generators must be insulated 
by mounting them on dry wood or other equivalent insulation. 
The same requirement applies to motors. No single wire 
larger than No. 12 A. W. G. is allowed, and no single solid 
wire smaller than No. 14 A. W. G. except in fixture wiring. 
Both conduit and wooden molding for the protection of the 
conductors are allowed, but conduit is preferred through¬ 
out. A heavier insulating covering is required for conduct¬ 
ors led through unlined conduits. Slate or marble switch 
boards are required, equipped with necessary instruments 
cut-outs, knife snatches, etc. When the wires are carried 
through the steel structure they must be led through metallic 
conduits or protected by hard rubber or equivalent bush¬ 
ing. Twin wire is not permitted in conduit if the circuit passes 
through the fire rooms or other hot places in the ship. Stuffing 
tubes are required wherever the conduit passes through a deck 
or water-tight bulkhead. All joints and splices are protected 
by water-tight junction boxes. Cut-outs, as much as possible, 
to be limited to centers of distribution but are allowed on mains 
it properly protected by a water-tight box. No circuit requir- 

mg m ° r 7 ! than Slx am P eres must be dependent upon one cut¬ 
out Where exposed to moisture, lamps must be provided 
with a vapor-proof globe, and for mechanical protection, a guard. 
Although portable desk lamps are permitted, lights must not 
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be suspended with flexible conductors. . Signal lights must be 
on a separate circuit and controlled in the pilot-house from 
a tell-tale board which indicates a defect in the lamp or circuit. 
All leads to seachlights must run directly from the switchboard 
to a switch near the searchlight. Arc lamps are permitted but 
must be protected by cut-out and switch and from mechanical 
injury. To prevent the effect of electric currents on the ad¬ 
justment of the magnetic compasses both polarities must be 
carried in the circuit. 

The American Bureau of Shipping makes the following special 
requirements for oil tank vessels: Electric lighting only to be 
used. Single-wire system not permitted. Special designs 
of fixtures and appliances must be made if permanent lights are 
used in any spaces subject to vapor or gas. If wires are run 
in such spaces their insulation must be unaffected by oil or oil 
fumes. Generating sets in duplicate are required and all wires 
must be encased in conduit. 

The rules of Lloyd’s Register differ slightly from the American 
Bureau and only the important differences w r ill be noted. No 
preference is stated as to kind of current or the amount of volt¬ 
age. “ Double-pole” fuses are not permitted when the volt¬ 
age exceeds 125 volts. Permission is granted, in addition to 
the use of wooden moldings, and conduit, for the employment 
of steel-armored conductors secured by screwed clips. Cables 
exposed to the weather or moisture must be lead-covered as 
well as steel-armored. As in the use of conduit, stuffing tubes 
must be provided at water-tight bulkheads and decks. The 
switches®on main switchboard must be of the quick-break de¬ 
sign. The signal lights must be controlled from a point acces¬ 
sible to the officer of the watch but a tell-tale indicator is not 
required. Special rules are given covering the single-wire 
system, but American practise is entirely committed to the two- 
wire system. Single-wire system is not permitted on oil tank 
vessels. All wires in spaces subject to petroleum vapor or gas 
to be lead-covered or the insulation to be unaffected by petro¬ 
leum. No joints, switches, or fuses, are 'allowed to be located 
in the pump rooms of oil tank vessels. Wires to lamps to be 
carried to the pump room from distribution junction box placed 
outside. Compasses should be adjusted with and without the 
generators running. 

It is to be noted that the classification societies make no 
rules governing the installation of interior or exterior signal¬ 
ing systems. 
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mi 

to fh 6 rU ^ eS t ^ ie Steamboat Inspection Service do not relate 
to th 6 mtln ?' a ; te points, of installation or equipment but rather 
e P r °vision of appliances for protection to the vessel, her 
passengers, cargo, and crew. Vessels using a gong signal must 

, Ve a . tu -be returning to the pilot-house so that the signal 
w en given in the engine room may be heard at the same in- 
s ' a nt in the pilot-house. This is usually an additional pre¬ 
caution on large vessels in case of derangement of the mechanical 
or electrical telegraph, which must be arranged to repeat the 
signals between the pilot-house and the engine room. “On all 
steamers where the distance is more than 150 feet between 
perpendiculars of pilot-house and forward part of the engine 
room ’ ’ a telephone must be installed in lieu of a speaking tube. 
Vessels which do not keep watchmen on guard day and night 
m the sleeping accommodations must equip such quarters with 
alarm bells which can be energized at will from the bridge or 
pilot-house. No lights are allowed on the outside of the struc¬ 
ture of the cabins or hull that will interfere with distinguishing 
the regulation signal lights. Passenger-carrying steamers 
lighted by electricity, and whose dynamos are located below 
the deep-load line, must carry an auxiliary lighting system above 
the^ deep-load line. This auxiliary lighting system must be 
sufficient to allow the passengers and crew to readily find their 
way to the exist. On account of this latter provision vessels 
are permitted to carry gasoline to the amount necessary to 
provide for such auxiliary lighting and wireless system. These 
regulations further provide for the type and location of the 
signal lights—port, starboard, masthead, range, and stem— 
and such lights that should be displayed when the vessel is at 
anchor, aground, etc. A prolonged fog-whistle must be blown 
at intervals of every two minutes by a vessel under way and two 
prolonged blasts every two minutes when not under way. When 
towing another vessel, or being towed, a prolonged blast fol¬ 
lowed by two short blasts must be sounded. 

Voice tube must be installed between pilot-house and wire¬ 
less station. 

The rules of the National Board of Fire Underwriters are 
now in the process of revision, for which purpose many con¬ 
ferences were held with the Marine Committee of the Institute. 
There are a few vessels which ply inland waters that come under 
the jurisdiction of the Fire Underwriters, as will be noted later, 
and it is but natural that their rules will coincide with those 
of the classification societies and established marine practise. 
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From the foregoing it will be seen that the owner, for general 
methods of installation, needs only to state that the electrical 
installation must conform to the rules of the classification 
society. The owner then specifies what the requirements of 
his service are, namely, the number and size* of the generating 
sets, the number of searchlights, incandescent lamps, motors, 
etc., etc. Special signaling devices other than those required 
by law are often necessary for the convenience of the officers, 
passengers, and crew. The owner’s specifications are a guide 
for estimating the cost and accomplishing a formal contract. 

Merchant Marine Practise 
In general, the commercial installations in this country com¬ 
bine wooden moldings and iron conduit. The manufacture of 
steel-armored lead-covered wires was started in this country 
about four or five years' ago and was recently adopted by the 



Slip Joint for Conduit—Merchant Marine—Type 1 


Navy. It is usual to find, that one practise influences the other, 
so that now the use of steel-armored conductors in merchant 
practise is increasing. 

For vessels designed with the propelling machinery aft, re¬ 
quiring long leads to the amidships and forward compartments, 
it is necessary to provide a sliding connection for the conduit 
and a loop box for pulling in the wire. This is necessitated by 
the expansion and contraction or working of the structural 
parts of the vessel. Two designs of such appliances are shown 
in the illustrations. Oil tankers are so arranged that the elec¬ 
tric leads must be carried under the walking bridge which con¬ 
nects the bridge house just forward of amidships and the after 
house; and slip joints are requisite in this type of conduit in¬ 
stallation. 

Except for very close work all conduits are bent cold, and 
with the exception of the termination of a lead, elbows are not 
permitted. The restriction of fittings of all kinds is deemed 
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advisable. For the purpose of overhauling and to facilitate 
the safe installation of the cables it is necessary to use, especially 
at bends, couplings, but these must not be right and left threaded. 
All conduit connections should be made up with white or red 
lead used generously to aid inspection. 

It is recommended that splicing of wires larger than No. 12 
B. & S. be not permitted and it is further suggested that even 
such small joints be made with a soldered sleeve. On the other 
hand, care must be exercised in the use of mechanical joints, 
as the working of the vessel may cause the connection to loosen, 
allowing “ grounds,” “ opens,” or “ short circuits.” This is 
not merely a matter of design and material but one of good 
workmanship and careful inspection. 

The distribution of energy, as above noted, is made on a two- 



Brass Loop Box and Slip Joint for Conduit—Merchant 
Marine—Type 2 


wire metallic, system. Copper of the highest conductivity is 
used for all wires and the insulation is equal to and often greater 
than the requirements of the classification society. The opinion 
has been expressed that it may be preferable to reduce the re¬ 
quired thickness of insulation and make the material of better 
quality. The. well-advised owner in preparing his specifications 
should see to it that the type of manufacture be clearly stated. 
Feeders are led from the main switchboard to centers of dis¬ 
tribution, and from thence branch leads, not carrying, except 
in special cases, more than 660 watts. When conditions of the 
ship’s structure or arrangement will not facilitate this method 
of distribution, the feeders are broken by special feeder boxes 
of water-tight construction, mains taken off and branches in 
turn taken directly from the mains. For the lighting system 
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an allowable voltage drop of 3 per cent from the main switch¬ 
board to the farthest light, and for power 5 to 8 per cent, is 
considered good practise. A potential of 110 volts is generally 
adopted in accordance with the standard incandescent lamp. 
Due to the disagreeable effect and confusion to passengers it 
has been suggested that every compartment for passenger 
accommodation should be supplied with light from more than one 
main feeder. This would not apply on a freight steamer as 
the crew are not so affected. Putting aside the use of fixture 
wire, and using No. 14 B. & S. wire for branch circuits, the 
permissible watts should be based on the voltage of the system 
times the carrying capacity of the. wire. In this case, as No. 14 
wire carries safely 12 amperes the permissible watts on 110 
volts would be 1500. 

Generating sets are designed so that the prime mover and 
generator are direct-connected and mounted on a common bed¬ 
plate. As will be noticed subsequently, in small vessels and 
freight steamers where the sets are of small capacity—say 
from 2 kw. to 20 kw.—the prime mover is a reciprocating 
engine. This unit possesses distinct advantages of operation 
from the practical side, as such ships cannot carry an engineer 
expressly for the care of the generating plant. The chief en¬ 
gineer of such vessels must be well skilled as regards recipro¬ 
cating engines as these are his means of propulsion, but the 
generating sets must operate with great reliability to satisfy 
this service. The manufacturers today have designed sets 
with forced lubrication and a combination of both forced lu¬ 
brication and gravity feed so that these sets function ordinarily 
without much attention. There are three points of importance 
from a mechanical standpoint regarding generating sets; first, 
ample reinforcement of the ship structure to form a founda¬ 
tion for the set. The builders’ designers do not all agree as 
to the proper foundation and in some cases the generators are 
bolted directly to the deck or platform, in other cases a wooden 
base is provided on top of the deck and again still others believe 
in building up a steel structural foundation on top of the deck 
and not bolting down the set until the vessel is nearly com¬ 
pleted. Next, these sets must be able to operate either con¬ 
densing or non-condensing with approximately 8 to 10 pounds 
back pressure. They must exhaust either into the feed water 
heater, or into the main or auxiliary condenser, or to the atmos¬ 
phere. It is probably because they are usually exhausted into 
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the feed water heater for steam economy, that greater stress 
is not laid upon the efficiency of the prime mover. The third 
point is that for installation on shipboard the steam connec¬ 
tions must be flanged so as to reduce the number of joints in 
the piping and because of the vibration set up in the vessel 
when the main engines are working. 

Small direct-connected turbine generating sets have been 
employed on shipboard and in certain installations have given 
satisfaction, but opinion among owners differs as to the ad¬ 
vantages of the turbine over the reciprocating engine. Many 
marine engineers object to the high rotative speeds for direct- 
current generators and the lack of economy unless a high vacu um 
can be provided. On the other hand, some engineers prefer 
the turbine drive because of the reduction of upkeep and ease 
of operation. 

The use of reduction gears between the turbine and generator 
is now being suggested. In this set the water rate will doubt¬ 
less be greatly reduced, approximately 10 per cent, and the 
speed of the generator can be brought down to reasonable 
limits with high speed on turbine. Although such sets have 
been installed, no service data are available for comparison or 
comment. These sets, however, have shown, as expected, a 
great reduction in .weight.and water rate. 

The generator is usually compound-wound and in the larger 
sizes provided with commutating poles. Special precautions 
are taken so that oil cannot creep along the armature shaft 
and that non-corrosive parts are furnished. A hand rail 
or guard is mounted around the generator set, in order that no 
one may be thrown against the set when the vessel is pit chin g 
or rolling. 

The material for switchboards has up to the present time 
been slate and in rare cases marble, but, as will be seen later, 
naval practise has turned to a special composition. This may 
shortly change the merchant' practise. Ordinarily the circuits 
are arranged for the parallel operation of the generators, if there 
be more than one. Certain owners prefer separate operation, 
however, and then double busbars are provided with throw- 
over switches. Marine switchboards must be built as com¬ 
pactly as possible, so that they may be mounted near a bulkhead. 
As was noted above, Lloyds’ rules require quick-break switches 
even on 110-volt systems, and it is recommended that two springs 
be required for each blade. The busbars though mounted on 
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insulation are bare copper strips, and opinions do not concur as 
to the advisability of insulating the entire busbar. The usual 
instruments are mounted on the face of the board and inclosed 
cartridge fuses are installed on both sides of the circuit. Al¬ 
though it is a matter of expense, on switchboards handling 200 
amperes or over from the main leads of the generating set, double 
arm circuit-breakers are provided instead of fused lever knife 
switches. The refillable fuse of proper design is now being 
introduced, but proper precaution must be observed to prevent 
unauthorized metals replacing the original. 

On vessels of 4000 tons burden or over, the searchlight should 
not be less than 18 inches in diameter. The searchlight feeder 
is run direct from the main .switchboard to a fused knife 
switch located usually in the pilot house near the controller of 
the searchlight. A variable external resistance is placed in 
series with the arc for proper adjustment. This is a steadying 
resistance as the arc burns better when the constant potentia 
circuit is as high as 80 volts or higher. Opinions differ as to 
the location of this resistance as much heat must be dissipated 
in order to make this reduction of voltage with relatively high 
current. In some cases the resistance is located near the switch¬ 
board and in others it is preferred near the searchlight in the 
pilot-house. Up to the present time the lamp mechanism 
has been that of magnets operating through a ratchet on a 
screw, permitting both hand and automatic operation; but the 
naval projector lamp is now operated by a small motor and it 
may be assumed that such will shortly come into merchant 
practise. For adjusting the arc voltage arrangements are pro¬ 
vided on the main switchboard. To insure against inductive 
disturbances from the wireless telegraph, the exposed leads Of 
the searchlight must be carefully encased in an iron shield or 
wrapped with iron wire. This protective covering must be 
well grounded to the hull of the vessel. 

The use of iron branch junction boxes and iron steam-tight 
globe fixtures meets with general approval, and the use of 
brass or bronze is looked upon as a refinement and expense. 
One opinion in this matter is interesting: “ it discourages theft, 
a source of great annoyance to ship owners from stewards, 
stevedores, etc.” It is the consensus of opinion that the guard 
on steam-tight fixtures is in most cases unnecessary and super¬ 
fluous. In cargo spaces, especially on coastwise vessels shipping 
package freight, the fixtures are protected by steel strips placed 
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electrically operated valve for the main steam whistle in addi¬ 
tion to the mechanical hand pull is now frequently installed, 
even on freight vessels, and the clock mechanism is arranged with 
two contact disks so that the vessel may comply with the law 
when towing or being towed. In all such applications the object 
most sought after is simplicity and reliability—the functioning 
without attention. 

Fire alarm systems are very rarely installed on freight vessels 
but passenger vessels are always so equipped. The older sys¬ 
tems have not proved of great value but two systems are now 
on the market; one applicable to cargo carrying vessels by means 
of which not only is the location indicated by smoke coming 
from the compartment but also live steam is admitted to the seat 
of the fire. This requires an expensive system of piping which 
is not always satisfactory. The other system operates on the 
principle of the expansion of air due to a rise in temperature. 
A pipe of very small inside and outside diameter (so small that 
it can hardly be seen when exposed on the decks or bulkheads) 
is installed in all the compartments. This pipe may be placed 
on the trim or cornice and is very unobtrusive. A fire may in 
this way be detected while in the early stages and large areas 
easily and economically protected. The indicating devices can 
be located in two or more places and, as is frequently done, 
can be made to resemble the deck plans of the ship. The in¬ 
dications are given by the lighting of a small battery lamp 
and the sounding of an alarm. 

An increasing number of coastwise vessels now carry a sub¬ 
marine receiving set. This consists of two tanks filled with 
brine located in a lower forward hold of the vessel. Trans¬ 
mitters similar to telephone transmitters connect with double 
receivers located in the pilot-house—one receiver connecting 
to the port tank and the other to the starboard. The sub¬ 
marine bells located on the lightships or buoys along the coast 
may be heard through the water by this means and the direc¬ 
tion in case of fog or thick weather detected by noting the 
equality or inequality of the strength of the signal on each 
tank. The vessel may also swing around to enable a bearing 
to be sufficiently assured so that danger may be averted. The 
device has been reported as operating satisfactorily and this 
is attested to by the increase in the number of vessels so equipped. 

Although wireless equipments are required by law on pas¬ 
senger vessels many freight vessels carry such equipment. The 
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advances in this field are exceedingly rapid and therefore no 
set, as described, could be looked upon as a standard, but it 
would seem desirable to give some idea of this apparatus. A 
typical installation for freight vessels consists of the following 
parts: A motor generator supplied with energy from the 110 
volt direct current system. The motor and generator arma¬ 
tures are on the sume shaft. The a-c. generator has a speed 
of 2400 rev. per min.; it has 12 poles and it generates a voltage 
of 500 at 240 cycles. The synchronous gap, which is a disk 
of composition insulation and carries a stud for each pole of 
the generator, is mounted on the generator end of the shaft. 
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Two stationary studs are secured on the disk muffling box 
and the spark discharge takes place between them. When 
these studs are adjusted to synchronism, the spark discharge 
occurs only when the a-c. voltage reaches its peak of alterna¬ 
tion, thus allowing only one spark discharge for each alterna¬ 
tion or 480 sparks per second. In this manner a pure musical 
note is produced, slightly lower in tone than the E string of 
the violin. The transformer steps up the 500 alternating volts 
to 12,000 and charges the condenser. This condenser is made 
of high quality glass plates coated with copper or tinfoil and 
immersed in oil (flash point 300). It is used in series parallel 
banks and forces the energy received into the rotary gap and 
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oscillation transformer. The primary of' the oscillation trans¬ 
former is connected in series with the gap and condenser. The 
primary coil carries a movable contact and by varying this 
contact on the turns of the coil, the wave length may be ad¬ 
justed. The energy is transferred from the primary coil of the 
oscillation transformer to the secondary coil (which is several 
inches from the primary coil) by magnetic induction. The 
secondary coil of the oscillation transformer is connected to 
the aerial in the following manner: One terminal goes to the 
earth, the other through inductance coil for lengthening aerial 
period or wave, and condenser in series for shortening wave. 
The spark gap, oscillation transformer primary, and primary 
condenser, make up the “ closed circuit ” or “ oscillating cir¬ 
cuit.” The oscillation transformer secondary, the aerial in¬ 
ductance and condenser, the aerial and earth, form the “ open 
circuit ” or u radiating circuit.” The “ closed circuit ” wave 
and the “ open circuit ” wave must be in resonance before the 
“ open circuit” willl radiate energy on the aerial. A hotwire 
ammeter will show a maximum reading when the two circuits 
are balanced. The aerial consists of seven strands of No. 18 
silicon bronze hard-drawn wire used to prevent sagging or stretch¬ 
ing. Wires are spaced on a 25-foot spruce spreader and insulated 
from spreader and ropes by four feet of hard rubber rods. 
The receiver consists of the tuner for tuning to resonance all 
incoming waves by variable inductances and capacities. In 
this manner waves of different lengths and frequency may be 
selected. The detector is of the carborundum crystal type 
mounted on the tuner and rectifies the signals to be heard on 
the diaphragm of the head telephone. These telephone re¬ 
ceivers are extremely sensitive, having a resistance of 3000 
ohms. This set establishes reliable communication under favor¬ 
able conditions at a distance of 3000 to 4000 miles. 

Naval Practise 

The requirements of the navy constitute naval practise and 
it remains for those who undertake such work to excel in its 
performance and to suggest ways and means for its betterment. 
Specifications and drawings, known as type plans, are issued 
covering all the apparatus, appliances, and materials entering 
into the equipment. Each bureau of the Navy Department 
compiles the requirements for the work under its cognizance 
and in this manner provides for its inspection both at the works 
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of the manufacturer and at the plant of the contractor. The 
Bureau of Steam Engineering, the Bureau of Construction and 
Repair, the Bureau of Ordnance and the Bureau of Naviga¬ 
tion are the bureaus most nearly touching the electrical installa¬ 
tion, the Bureau of Steam Engineering and the Bureau of Con¬ 
struction and Repair performing the most essential parts of 
the work. The generation of electricity, its control, distribution, 
installation and maintenance fall under the administration of 
the Bureau of Steam Engineering, and the provision of the 
motors and their control for the various deck and other ma¬ 
chinery come under the direction of the Bureau of Construction 
and Repair. The turret motors and questions connected with 
gun fire are under the jurisdiction of the Bureau of Ordnance, 
and special equipments connected with the operation of the 
vessel when under way, such as gyroscopic compass, are taken 
care of by the Bureau of Navigation. All type plans issued by 
the bureaus, whether of apparatus, etc., or for the construction 
work, are simply guides or schedules from which elaborated 
drawings must be made embodying correct designs and full de¬ 
tails. These drawings must be forwarded to the bureau, or 
bureaus, involved and receive formal approval before work may 
proceed. In the case of apparatus newly designed drawings 
must be submitted to the bureau concerned for its approval 
as a type after which approval must be again obtained for its 
specific application. After an installation or apparatus is 
completely finished, inspected, and received, a complete set 
of drawings of the final details must be prepared and turned 
over to the Government. Due to this procedure the materials 
entering into the construction of naval apparatus are in every 
way of a higher grade than those employed in merchant service. 

The use of iron conduit and open wiring supported on insulators 
has now given place to armored conductors. There are condi¬ 
tions which require different types of wire so that the specifica¬ 
tions permit of three general types, namely, plain conductors, 
armored, and lead-covered armored. The practise at the present 
time is to use lead-covered armored cables for all permanent leads 
throughout all spaces in the vessel. The best quality of rubber, 
linen, jute, lead, copper and steel is required. Cables are 
clipped rigidly to the structural parts of the vessel by strap 
hangers, and when a group of leads occurs or the structure is 
such as not to permit a compliance with the above, a five-pound 
steel plate is first fitted and the armored wires attached to this 
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plate These cables are sufficiently flexible to allow of close 
fitting or “ nesting ” and thereby much space is conserved and 
a better appearing installation results. In addition to these 
advantages is the reduction of upkeep over conduit due to a 
decrease in the deterioration of the insulation by its protection 
from condensed moisture. Stuffing tubes as m merchan 
practise but of special design are required when passing through 
decks or watertight bulkheads. Through non-water-tight bulk¬ 
heads they are led through holes with the edges rounded off. 
Mechanical protection is also provided near the walking spaces 
at decks and at other particular locations where the cables would 
be unduly subjected to abuse, or would themselves subject 
the contents of the compartment to danger. In the vicmi y 
of the magnetic compasses the steel braid is remove . or coon 
venience of testing and designation, the cables are all careful ly 
and accurately tagged in accordance with approved plans. ° 
splices are permitted and mechanical joints are all made 
specially designed watertight brass boxes. All feeders for every 
purpose must be continuous throughout their length, except m 
especially long leads of the larger size cables, when proper 
mechanical connections are allowed m order to facilitate in¬ 
stallation and avert, damage to the cables by the severity ot 

the necessary handling. . . 

The distribution of energy is on the two-wire system. I he 
lighting, and small power feeders are run from the mam switch¬ 
board to centers of distribution and mams led from thence to 
the terminal apparatus. Mains may also be taken directly from 
the feeders to meet the conditions of structural obstructions. 
Distribution boxes of brass are provided of varying types some 
containing knife switches and fuses, others with fuses only, others 
with fuses and snap switches. These also vary m mechanical 

construction, some being water-tightand others non-water-tigh 

to suit the location. Twin conductors up to 60,000 cir. mils 
are permitted, and branch leads for lighting must not be less 
than 4000 cir. mils. The permissible drop on the lighting system 
from the main switchboard to the farthest outlet is 2^ per cent 
and for power 5 per cent. The carrying capacity of all conduc¬ 
tors is based on one thousand circular mils per ampere for con¬ 
tinuous loads and five hundred circular mils for intermittent 
loads. The permissible drop on the signaling systems is i 2 per 
cent when lamp instruments are used and not over 5 per cent on 
circuits containing bells, buzzers, push-buttons, contact-makers, 
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Generators for naval service are generally direct-driven. by 
steam turbines, mounted on a common bed-plate. The turbines 
are of the horizontal type and designed for both condensing an 
non-condensing operation. They must be capable of operating 
the venerator indefinitely at one-third overload. They are 
required to operate automatically with load varying from zero 
to 1| load. They must function with the most economical 
water rate possible when supplied with dry saturated steam at 
200 pounds pressure and 25 inches vacuum. Forced lubrication 
is specified for all sizes, and the largest sets have their bearings 
water-cooled. Gages for observing the vacuum m the exhaust, 
main steam pressure, oil pressures, etc., and indicators for in¬ 
specting the flow of oil and cooling water to bearings, tachometers, 
thermometers, pilot lights, etc., etc., are all provided. The 
generators are direct-current compound-wound, andm the larger 
sizes supplied with commutating poles. The frame is cir¬ 
cular in form and in the largest sizes split horizontally. 
These are the essential differences from regular practise with 
the exception that exhaustive tests are made in order to 
secure compliance with the specifications. At the present 
time the navy requires its generators on battleships wound 
for 240 volts but for smaller craft retain a potential of 125 
volts. In order to obtain increase in economy, reduction 
gears with high-speed turbines are now being installed and 
have received formal sanction. Sets of this design have reached 
the first stage; namely, shop tests. The change in voltage to 
240 on the larger vessels has brought about the necessity for 
a neutral bus to supply the lighting and searchlight systems. 
This may be accomplished either by a three-wire generator wound 
for operation with a compensator; or an auxiliary independent 
rotary balancer set. Both methods have now been introduced 
but service operation has not yet been fulfilled. 

Until recently the switchboard panels were made of carefully- 
selected slate. Now the requirements call for a special composi¬ 
tion material having a high insulation resistance and unaffected 
by st eam , or moisture, or shrinkage, when subjected to differences 
in temperature or hygroscopic changes and capable of a cer¬ 
tain deflection without breaking. . All _ the instruments 
mounted on the switchboard are specified in detail and only 
approved instruments and fittings are permitted. Enclosed 
fuses are approved if they conform to the general requirements 
of the national electric code. Renewable enclosed fuses are 
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allowed under the requirement of a special specification for 
fuses. Detail requirements are issued for all .busbar construc¬ 
tion, fittings, bolts, etc., all of which must be suitable to with¬ 
stand the severe atmospheric conditions of shipboard service. 

For the larger vessels the government furnishes 36-inch distant 
control searchlights and 12-inch signal searchlights. The larger 
projectors are arranged so that some of them may be placed on 
trucks and transported about the decks. On the smaller 
vessels, 30-inch and 24-inch searchlights, with mechanical 
distant control, are installed. All lamp mechanisms are of the 
motor type and both Venetian blind and iris shutters are pro¬ 
vided. The plain glass front frame is supported on springs 
so as to take up the shock of gun fire. A finder similar to that 
used on a camera is fitted so that it will show on a ground glass 
screen the arc, and by means of cross hairs enable the arc to be 
placed in the proper focal position and the carbons correctly 
adjusted. 

Lighting fixtures and appliances are all made of brass composi¬ 
tion and are heavier in every sense than the merchant marine 
type. However, the navy has now discarded the spring type of 
socket and adopted that used in commercial practise, with the 
difference that a special insulation material is provided for the 
base instead of porcelain. The fixtures installed in quarters and 
general living spaces are designed with a special shade holder, 
similar to that used in railway cars, whereby the shade is held 
in place by a spring and not dependent upon screws. Guards 
are required on steam-tight fixtures in open spaces where subject 
to mechanical injuries. Prismatic glass globes are fitted in all 
steam-tight fixtures and special shades are employed to direct 
and diffuse the light. Tungsten incandescent lamps are in 
general use but locations greatly affected by vibrations are lighted 
with carbon filament lamps. The high-wattage tungsten lamp 
has now r superseded both the carbon and mercury arc lamps 
for the illumination of large spaces. 

Motors are designed under a special specification wdiich enters 
into minute details so that the best service under sea conditions 
may be obtained. They are wound for either 120 volts on smal¬ 
ler vessels or 230 volts on the larger. In sizes of five h.p. or 
over they are multipolar, preference being given to comutating 
pole type. Various types of motors differing in mechanical 
construction as well as electrical characteristics, depending upon 
the location and the service, are required. For spaces and condi- 
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tions where water or moisture cannot damage the apparatus open 
or semi-enclosed motors are permitted; on the other hand, where 
• exposed to the weather or moisture they are totally enclosed and 
of water-tight design. Enclosed ventilated motors are approved 
for specific conditions. Non-corrosive parts and interchange- 
ability are of great importance. Much attention is given to the 
testing of such apparatus and specific instructions are given 



Transmitter for Boiler Fire Timing Device—Motor Reversing 

Type 

covering the adjustment, heating, balance, dielectric strength, 
efficiency, weight, etc. The tests are usually made at the works 
of the manufacturer and no shipments can be made until the 
apparatus meets the full requirements of the specification. 
Three types of control are now required in order to cover the 
various power equipments; namely, panel type controllers, 
drum-type controllers, contactor type controllers. These are 
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mounted in water-tight enclosing cases where conditions demand, 
in the same manner as for motors. Contactor panels usually 
being of large size are located below decks where they can be 
mounted like switchboards. They are operated automatically 
by a master controller which would be of the water-tight pattern 
if located on the weather deck. To insure against unauthorized 
handling these contactor panels are usually protected by an 
expanded metal enclosure. Spare parts must be supplied with 
all motor and control equipments. These parts are based upon 


FIGURE "A" FIGURE "B” 



Indicator, Electric Timing Device for Boiler Firing 

the number and type of apparatus used; they are subjected to a 
test similar to that for the motor, and are carefully packed in 
special boxes and marked for identification. 

The signaling systems ar p installed under the same rules as 
regards cables, methods of distribution, methods of securing the 
cables, etc., as already described. Energy for these systems is 
taken from the lighting busbars and transformed by means of 
small motor-generators, or dynamotors, to a low potential (20 
volts d-c.). A special cable is designed for the general systems, 
and one composed of like materials but with the wires twisted 
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Launches and Yachts 

Certain manufacturers design and build complete outfits in¬ 
cluding generator, switchboards, and storage batteries, especially 
for this sendee. For the amateur yachtsman who delights in the 
experience of experimentation these outfits may do well. The 
generator is usually operated by a friction pulley on the flywheel 
of the propelling engine and the storage battery is used for steady¬ 
ing the voltage and supplying energy when the main machine is 
not in operation. A better equipment is found in the larger 
steam yachts and for steam launches for large vessels. Such 
craft are fitted with a one-kw. direct-connected steam turbine 
generating set, preferably of 110 volts. Standard lamps and 
standard searchlights may then be installed. No attempt is 
made for any expensive distributing systems but a special fused 
circuit is provided for the signal lights. The fixtures are usually 
selected by the owner and the style and type corresponds to the 
decorations. All the fixtures of a house installation are followed 
and the applications merely depend upon the luxury desired. 

Tugboats, Fireboats, etc. 

Sea-going tugs usually carry two generating sets of 10 kw., 
110 volts, one 18-inch searchlight, the usual signal lanterns, in¬ 
cluding towing lights, and approximately 120 incandescent lights. 
Government tugs in addition to this are supplied with a sub¬ 
marine signal receiver set, a night signal set, a call-bell system, 
and wireless telegraph outfit. 

Mine-planters and lighthouse tenders for the government have 
a generating plant arranged to carry the day and night load 
instead of the customary duplicate generating set. One turbo¬ 
generating set has a capacity of 7 kw. and the other 20 kw. 
Besides this they are supplied with a submarine receiving set and 
frequently with a wireless outfit. The installation and installa¬ 
tion material must conform to naval practise. Approximately 
120 to 150 lights are installed. 

Dredges 

The ordinary merchant type dredge has an installation of ap¬ 
proximately 150 lights, carries one or two searchlights, depending 
upon the length of the vessel, and uses the high-wattage tungsten 
lamp in lieu of the arc lamp. The generating plant consists of a 
total of 20 kw. usually comprising two 10-kw. marine recipro¬ 
cating engine-driven generating sets. Special searchlightss, imi- 
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lar to those used in the Suez Canal, are available for this type of 
vessel. A diverging lens is placed on the searchlight barrel and 
the rays are thrown to each bank of the stream and leave a dark 
space ahead. This permits of up and down traffic without inter¬ 
fering with the regular signal lights. There is a growing tend¬ 
ency toward the use of electric power for the main purposes of 
dredging, and experimental plants are now in service in the 
western part of this country. There would seem to be no im¬ 
portant reason why such an application should not be entirely 
satisfactory and economical. 

Ferryboats 

The general practise today in lighting ferryboats is to outline 
the cabins with 25- or 40-watt tungsten lamps. These circuits 
are arranged so that in cases of emergency every other light may 
be in operation and total darkness avoided. Two generating 
* sets, one of small capacity for the daylight load and one of large 
capacity for the night load, are furnished and the circuits as 
above described are designed so that it will not be possible to 
overload the smaller generating set. The average ferryboat 
is lighted by approximately 225 incandescent lamps. An in¬ 
teresting mechanical signal is connected to the disengaging gear 
of the steering engine and automatically warns the engineer at 
which end of the boat the steering gear is working. The signal 
lights are also so wired that when the pilot unlocks his steering 
wheel the correct lights for that direction go on and the other set 
of lights go off. 

Excursion Steamers 

For river and lake traffic two types of vessels are designed—• 
those that make night trips and those that make short day-light 
pleasure trips. The day boats are usually equipped with a 
duplicate dynamo installation. They are lighted by approxi¬ 
mately 300 to 400 lights and carry one 18-inch searchlight. As 
these vessels are light in construction, of shallow draft and do not 
encounter severe storms it is possible to adopt modern methods 
of illumination and so it will be found that indirect and semi- 
t direct fixtures are installed with ample reason because of the 

/ higher deck spaces and the artistic effects of the decorations. 

The larger Sound and Lake steamers are floating palaces and 
require the best of the decorator’s art to satisfy the owner’s 
I desires. Much space in the superstructure is devoted to general 

rooms and these, often occupying three decks, are sumptuously 
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furnished. All the artifices of the lighting expert are requisi¬ 
tioned, and concealed incandescent lamps back of the light wells, 
lights in glass columns, lights for the paintings, garlands of 
small lights, newel post lights, semi-direct and indirect light¬ 
ing units—all these and many more go to make up the appearance 
of luxury which is required. Such vessels are equipped with 
plants ranging from 100 to 200 kw. One of the interesting 
installations which differ from other vessels is the fire alarm 
system which becomes of great importance due to the liability 
to fire and the large number of lives involved. As an illustration 
of the care observed in such matters, the installation of the fire 
alarm system on the Sound steamer Commonwealth may be 
considered typical. The system was the open circuit type. 



Mercurial thermostats of navy pattern were installed. A 
testing receptacle is located at the end of every line and tests are 
made every- day after the passengers have left the vessel. The 
collision and general alarm gongs located throughout the vessel 
are also operated by this system, as well as by the regular switch 
installed in the pilot house. The system is energized by both 
the regular interior communication dynamotor and also by 
batteries which are thrown in automatically if for any reason the 
dynamotor is not running. The bells throughout were of the 
short-circuit type in order to eliminate the possibility of an open 
circuit in the bell. The annunciator in the engine room was 
located at the valves for the sprinkler system so that response by 
wafer could be immediately given. The saloon deck annuncia¬ 
tor was a duplicate of the engine room instrument and the eight 
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local annunciators had the circuits subdivided in order to facil¬ 
itate testing and upkeep. 

Freight Vessels, Colliers and Oil Tankers 

Freight vessels of 5000 tons dead weight carrying capacity are 
usually equipped with 10-kw. marine reciprocating-engine gener¬ 
ating sets in duplicate. Approximately 150 fixtures, a few port¬ 
able hand lamps, cargo reflectors and one 18-inch searchlight 
which is mounted on the top of the pilot-house and controlled 
from the inside, are furnished. With the exception in a few 
cases of a small inter-communicating telephone system, the 
signaling systems installed are only those required by law. 

The equipment of oil tank vessels differs only slightly from 
that of regular freighters and colliers. The generating sets are 
usually a little larger, about 15 kw., and a few more lights are 
required, depending largely on the arrangements of the vessel. 
The location of the main propelling machinery, whether it is in 
the extreme after part of the vessel or amidships,, naturally 
affects the extent of the electric plant. The owners of such 
vessels often take great precautions and insist on special designs 
of fixtures and fittings. In some cases great care is exercised in 
the permanent fixtures located in the pump rooms, these embody¬ 
ing a special sealed globe so as to prevent the entrance of oil 
fumes, and in other cases the owner prefers the use of navy 
standard fixtures in this particular compartment. Some owners 
require these special fixtures to be furnished throughout the 
vessel except in living spaces, and other owners use the regular 
commercial fixture except in the pump room. Up to the present 
time electric power has not been extensively employed for the 
operation of the important auxiliaries, but it is not believed that 
direct-current motors would be as safe or as ready of service as 
alternating current. 

Coastwise Passenger and Freight Vessels 
Such vessels are more elaborate and so the electrical equi- 
ment becomes larger and assumes greater importance. These 
ships carry electricians so that the questions of reliability and 
readiness of service do not enter to such an extent as on smaller 
and less important vessels. The service that the owners wish 
to give and the demands of the public who travel in these coast¬ 
wise vessels determine many of the applications of electricity. 
So it will be found that some of our coastwise vessels, especially 
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on the Pacific coast, have a complete electric air heating system 
because the evenings on the vest coast are sometimes chilly 
and it would not pay the owners to install a steam system for so 
infrequent a service. On the Atlantic coast the winters are 
severe enough to require steam heating. As an illustration of 
the type of electrical installation on coastwise vessels, the equip¬ 
ment of the S. S. Great Northern and the S. S. Northern Pacific , 
vessels recently completed for the Great Northern Pacific Steam¬ 
ship Company, will be described. 

The generating plant consists of four 35-kw., 110-volt, direct- 
current, commutating-pole, compound-wound generators direct- 
connected to 3200-rev. per min. water-cooled bearing turbines, 
supplied normally with steam at 200 pounds and a vacuum of 
28 inches, and designed to carry full load at 175 pounds steam 
pressure and 10 pounds back pressure. Each generating set is 
connected to the main distribution board through an automatic 
circuit. 

From the main switchboard are led 24 feeder circuits supplying 
lighting, searchlights, hull ventilation, supply and exhaust fans, 
cargo elevators, galley and pantry motors, as well as a shore 
feeder of sufficient capacity to light the entire vessel from a 
shore plant, or light the dock from the ship's generator. The wir- 
ing is on the two-wire system, and the material used represents 
the very latest marine construction. The highest grade rubber- 
covered wire is used, over which is supplied a lead sheathing, 
this being protected by a basket weave galvanized steel wire 
armor. This wire is secured directly to the structure of the ves¬ 
sel eliminating customary conduits and moulding and the col¬ 
lection of moisture in them—the cause of numerous troubles, 
experienced with conduit installations. Water-tight junction 
and feeder boxes and fixtures are used throughout except in 
living quarters, and the wire entering these appliances is made 
water-tight by hemp packing in suitable stuffing tubes. Mazda 
lamps are used throughout the vessel, of which there are 1700. 
The lighting circuits are divided into four classes—general il¬ 
lumination used as required, stateroom lighting always at the 
disposal of the passengers, police lights which are never extin¬ 
guished, and the individual cargo lighting throughout the cargo 
spaces controlled by separate circuits so that the lights may 
be extinguished when the cargo spaces are filled in conformity 
to the insurance requirements. Every passenger compartment 
is supplied by duplicate feeders so that in the event of a failure 
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of one feeder no compartment is in darkness. The lighting 
fixtures are unusual in several features. Majolica fixtures deco¬ 
rated in gold are used in the staterooms and stateroom passage¬ 
ways. This is the first use of such fixtures in this country. 
Each stateroom is provided with a receptacle of the same con¬ 
struction for reading lamps, fans, curling irons, or warming pans. 
Steam and water-tight fixtures are used in exposed locations, 
machinery and cargo spaces. The reflected lighting for the 
oil paitings in the saloon, lobby, writing room, and “A” deck 
entrance, as well as the massive semi-indirect lighting fixtures 
used exclusively in the dining room, are departures in marine 
work. All metal parts in the stateroom are of monel metal to 
eliminate plating and prevent discoloration. Cameo and cut 
glass bowls of various designs for lighting fixtures have been 
used quite extensively throughout the vessel. 

The ventilation and heating of the vessel is most complete. 
Fourteen ventilation and heating units supply all staterooms and 
public spaces. These consist of conical flow fans, used for the 
first time in marine work, which on test develop an efficiency of 
56 per cent. These fans are direct-connected to enclosed adjust¬ 
able-speed motors and discharge the air through coil heaters. All 
these units are supplied with a by-pass for use when the unit 
is not required. These units range in size from 1500 to 3000 
cubic feet of air per minute at 11 pounds per square foot pressure, 
and are designed to supply the full quantity of air when discharged 
through the heater. Six fans of the same type without heat¬ 
ers are used to exhaust the air from lavatories, toilets, galley, pan¬ 
try and smoking rooms, and, when run at maximum speed, 
will change the air in these compartments every minute. Elec¬ 
tric motors are used quite extensively in the galley and pantry ; 
where the following apparatus is located: One one-barrel dough 
mixing machine operated by a two-h.p. motor, one 40-pound 
vegetable paring machine operated by a J-h.p. motor, two 
one-tank dishwashing machines operated each by a |-h.p. 
motor, one meat and food chopping machine operated by a 
one-h.p. motor and capable of chopping 144 pounds of food per 
hour, one 2800-watt, three-heat hotel griddle used for toasting 
bread, frying eggs, bacon and chops. The large cold storage 
compartment which extends the width of the vessel, as well as 
each of the cargo holds, is provided with a three-ton hoister 
operated at a speed of 100 feet per minute and driven by a 
40-h.p. motor equipped with automatic starting and limit 
switches. 
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The call-bell push-buttons in all the staterooms have been 
utilized as a part of the fire alarm system by the installation of 
a thermostat button which expands when subjected to a 
temperature of 160 deg. fahr. This will announce on the call- 
bell annunciator an excess of temperature in the particular 
location even if the room is not occupied. The main fire alarm 
system consists of a small pipe of minute internal diameter 
which is carried throughout the living spaces of the ship. An 
indicator board representing small plans of the different decks 
is mounted in the pilot-house and small battery lamps give the 
location of the fire upon the sounding of the alarm. This system 
is based on the expansion of air due to increase in temperature. 
The latest improved loud-speaking telephones are used for com¬ 
munication between locations exposed to weather conditions 
and machinery noises. A commercial standard type of telephone 
is used for communication between other locations. A motor- 
driven type of electric whistle operator is installed with switches 
located in a number of places both for blowing the whistle at 
will and also for blowing the whistle automatically during foggy 
weather. The vessel is equipped with the usual mechanical 
engine and docking and steering telegraphs of the latest and 
largest pattern. 

A powerful 18-inch searchlight is mounted on each end of 
the forward bridge in such a position that they can sweep the 
entire length of the vessel. 

This vessel carries two wireless outfits, both of the navy type, 
one of two-kw. capacity and the other of J-kw. The latter was 
for emergency purposes and could be operated from the battery. 
Every precaution was taken in mounting the apparatus, which 
was extremely compact, so that if the ship were sinking the 
wireless telegraph station would be in service until the water 
reached the radio room. The motor-generator for the largest 
set was supplied energy from the ship's 110-volt system but 
could also be energized from battery. The batteries were auto¬ 
matically charged and the machinery in general so controlled. 
All the apparatus was protected from induced high potentials 
by means of condensers and protective resistors. The trans¬ 
mitter was the quench-gap (noiseless) type, 500 cycles. A 
blower was used to cool the surface of the quench-gap plates. 
The transformer stepped the 220 volts of the generator to approxi¬ 
mately 12,000 volts. The oscillation transformer was constructed 
of copper ribbons edgewise wound, spirally mounted on hard rub- 
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ber disks. The aerial inductance for lengthening the wave of the 
open circuit is likewise constructed. A condenser of four plates 
in series serves to shorten the wave. A protective reactance 
is connected across the sending key. The receiver detector is 
of the carborundum crystal type, and sensitive head telephone 
sets are used. The aerial is of the two-wire “T” type with 
14 feet spread between wires. The main set has given remark¬ 
able service. Communication at night was uninterrupted from 
the time the vessel left Philadelphia until it arrived at Santiago. 
The Great Northern on a trip from San Francisco to Honolulu 
retained communication by night from the time of her departure 
from San Francisco until her return. The power of the large 
set may be varied from 100 watts to 3000 watts and while the 
set w r as being tested at her builder’s yards in Philadelphia, Cleve¬ 
land, Ohio, was called at 6:30 p.m., using 600 watts, and an¬ 
swered immediately. Boston was communicated with about a 
half-hour later, using 250 watts. 

Submarine Boats 

The energy for the lighting and power system is supplied from 
the main storage batteries. The lighting supply contains a 
dimmer by means of which the 110 volts may be maintained 
reasonably constant. Approximately 40 to 60 steam-tight 
guarded fixtures are installed. The auxiliary motors, such as 
for ventilation, pumps, air-compressors, etc., are of standard 
design wound for 120 volts. The main propelling motors are 
wound for 120 to 240 volts. These operate as generators when 
the vessel is on the surface for charging the storage batteries. 
There are three separate switchboards, one for the main battery, 
another for the lighting and power systems, and a third for the 
interior signaling systems. These latter consist of telephones, 
call-bells, engine telegraphs, torpedo tube indicators, marker 
buoy, submarine signals, gyro-compass, and wireless telegraph. 
Remote control systems are much employed, especially for such 
systems as the diving apparatus, steering gear, and the elevating 
gear for the periscope. 

Torpedo-Boat Destroyers 

The growth of the generator plant for torpedo-boat destroyers 
has been very marked in the last few years and two 25-kw. 
125-volt turbo-driven sets are now installed. Approximately 
200 incandescent lights, two 30-inch searchlights, a night 
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signal set, electric fans, hull ventilation, and a system of interior 
communication comprise the equipment. This latter system 
consists of call-bells, general alarm gongs, smoke indicators, 
shaft revolution indicators, torpedo firing, and wireless telegraph. 
These instruments are exactly similar to those used on battle¬ 
ships, the size of torpedo-boat destroyers now being such that 
no modifications are necessary in order to adapt the standard 
instruments. 

Fleet Auxiliary Vessels 

The navy has many vessels such as transports, supply ships, 
colliers, submarine tenders, torpedo-destroyer tenders, etc., 
all of which serve some necessary purpose in attending the fleet. 
Though these vessels naturally differ in their arrangement, size, 
etc., still the}^ all more or less carry about the same electrical 
equipment. This equipment usually consists of a turbo 
generating plant of approximately 300 kw., 125 volts, necessary 
switchboard, four 30-inch mechanically controlled searchlights, 
about 700 to 800 incandescent lights, two night signaling sets, 
electric fans, hull ventilation, and a system of interior communi¬ 
cation. The signaling system comprises call-bells, fire alarms, 
general alarm gongs, boat hour gongs, telephones, shaft revolu¬ 
tion indicators, helm angle indicators, electric whistle operator, 
fuel oil indicator, submarine signals, and wireless telegraphs. 

It is interesting to note in this connection that the fleet collier 
Jupiter is equipped with electric motors for the purpose of pro¬ 
pulsion and that this vessel is the first sea-going vessel so pro¬ 
pelled. The Jupiter's installation has been fully described both 
when designed and after she performed her trials. She has now 
been in regular service about two years and has shown very 
successful performance. This installation was an experimental 
one and was purposely made for comparison with reciprocating- 
engine drive and geared-turbine drive, the same type of vessel 
being maintained in each case. The Jupiter has shown herself 
very much superior to the reciprocating engine-driven ship and 
comparisons cannot be made with the geared turbine-driven 
ship as data from this vessel have not yet been made available. 

Battleships 

The electric plant consists of four 300-kw. turbine-driven, 
direct-connected generating sets of 240 volts, direct current. 
Two sets are located forward and tw r o aft. These sets are either 
three-wire machines or two-wire; in the latter case rotary balancer 
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sets are required so as to provide 120 volts for the lighting and 
searchlight systems. There are two main switchboards installed 
fore and aft in special compartments. These switchboards 
control the generators and distribute the energy for power and 
lighting. A common negative bus and a separate positive 
lighting and power bus enable a separation between these two 
systems. The two distribution boards are interconnected so 
that energy may be supplied to either board from the other. 
The generators in each room are operated in parallel but the 
two rooms are so arranged that multiple operation is not possible. 
Auxiliary switchboards are furnished for the further distribution 
of energy and form the centers of distribution for the feeding 
system. Eight 36-inch searchlights and two portable 12-inch 
single projectors are furnished. 

The lighting system consists of 3000 regular standard fixtures, 
and an auxiliary lighting system is provided for the more im¬ 
portant working spaces of the vessel; this system is supplied by 
batteries. Each turret has an independent auxiliary battery 
lighting system. There are installed 135 electric bracket fans, 
an electric heating system, a complete interior communication 
system, and a complete system of power-driven deck auxiliaries. 

The power system comprises electric-driven hull-ventilation 
fans and heating coils, turret turning, turret ammunition hand¬ 
ling, turret gun ramming, turret gun elevating, boat cranes, 
deck winches, capstan, five-inch ammunition hoist, ammunition 
conveyers, sanitary, fresh water, main drainage and secondary 
drainage pumps, air-compressors, anchor windlass, steering 
gear, independent laundry equipment, independent workshop 
machinery, main turbine turning equipment, independent com¬ 
missary appliances, such as dough mixers, ice cream freezers, 
meat choppers, potato peelers, dish washers, etc., and the energy 
supplied to bake ovens. Of these equipments the largest is 
the steering gear, and two systems—the contactor control and 
the motor-generator control—are now in the trial stage. This 
system requires a motor rated at 350 h.p. and capable of working 
under a hundred per cent overload for a few minutes. The 
steering gear application has recently been described and as 
no trials of the apparatus now installed have been held nothing 
can be added to this subject at this time. Next to the steering 
gear equipment in size, is the anchor windlass, requiring two 
motors of 175 rated h.p. and the same overload capacity as the 
steering gear motor. 
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The interior communication system comprises the following: 
call-bells, telephones, fire alarm, general alarm gongs, boat hour 
gongs, shaft revolution indicator, steering telegraph, steering 
emergency signal, gyroscopic compass, engine revolution tele¬ 
graph, fire room telegraph, engine order telegraph, loud¬ 
speaking telephones, rudder indicator, gun firing systems, warn- 
ing systems for closing water-tight doors, air-lock indicators 
for indicating when air-lock doors are open, water-tight door 




signals, submarine signal, electric whistle operator, drainage 
tank indicator, and wireless telegraph. One of the most interest- 
ing developments among these many systems is that of the gyro¬ 
scopic compass. This apparatus has been recently described and 
its application has been greatly extended in various ways. 

It is to be noted that the experiment with electric propulsion 
on the Jupiter has been so satisfactory that our government 
has authorized its installation on the U. S. S. California, one of 
the latest battleships now building at the New York Navy 
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Yard. The design of the motors will differ slightly from those 
of the Jupiter but the general applications will be the same. 
A total of 37,000 h.p. will be provided, and each of the four 
shafts will be operated by an induction motor receiving energy 
from two steam turbine-driven alternators wound for approxi¬ 
mately 2500 volts three-phase. The advantages to be gained 
in this electric coupling, instead of the mechanical reduction 
gear, are very obvious in the case of a battleship, as it is neces¬ 
sary at certain times to drive the vessel at high speed but it 



Internal Wiring of Master Compass, with Master 
Transmitter 


is just as necessary to drive it under normal conditions at low 
speed; for this large variation in horse power the electric equip¬ 
ment is more flexible and more economical, permitting of like 
water consumption at low, intermediate, and high speeds. 
The motors are provided with two windings, using the low- 
speed winding at ship’s speeds lower than 15 knots and the 
high-speed winding at higher speeds. One generator will sup¬ 
ply all four motors for intermediate speeds and each generator- 
will supply two motors for full power. 





1854 


HORNOR: MARINE INSTALLATIONS 


[Sept. 16 


Conclusion 

Merchant marine applications have not shown a like increase 
to naval applications because of the lack of a merchant over¬ 
seas trade. Transatlantic and transpacific vessels of the 
foreign type have not been constructed in this country since 
1902, at which time a vessel of 12,000 tons and 620 feet long 
was considered a large vessel; these cannot be compared with the 
present-day vessels of over 900 feet in length and over 30,000 
tons displacement. The naval applications have advanced 
because our naval strength depends upon the efficiency of the 
vessel and her equipment. It is to be expected that, when our 
country develops a merchant marine, many of the advances 
made in naval practise will be found advantageous to mer¬ 
chant vessels. 

It is interesting to note that the cost of the electric propel¬ 
ling apparatus for the U. S. battleship California , inclusive of 
electric engine room auxiliaries, was approximately eleven 
dollars and sixty-five cents per shaft horse power—less than 
half the cost of the electric plant. 
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Discussion on “ Standard Marine Electrical Installa¬ 
tions ” (Hornor), San Francisco, Cal., Sept. 16, 1915. 

S. H. Blake: Historically this paper does not go back to 
the time when the standard navy voltages were based on the 
use of searchlights at 80 volts. This was somewhere in the 
period up to 1904, at which time the navy voltage standard 
was increased to 110-125 volts in order that standard com¬ 
mercial lamps could be used. Since then 240 volts and higher 
are also employed. 

The grounded or one-wire system has never been encouraged 
in American navy or marine practise. . 

The Fire Underwriters’ Code is usually complied with, m 
cases where the percentage of combustible material present is 
such as to warrant special protection against fire. 

Wooden molding has been used almost universally for en¬ 
closing all conductors on shipboard because it is not affected 
by ordinary changes in temperature, and also because ot its 
flexibility, but it is being abandoned in recent years owing to 
the fact that it increases the percentage of combustible material 
on shipboard. Unlined iron conduit has been substituted, and 
more recently metal armored cable is being used with satis¬ 
factory results. T u v a 

Internal telephones, signals or alarm systems are, i believe, 
still fed by the step-down rotary transformer with primary 
of the standard lighting voltage 110-125 volts, and secondaries 
arranged for about 20-13.3-6.6 volts, depending on the nature 
of the signal devices connected in the secondary or low-voltage 
side of the transformer. 

Generators and motors used for navy and marine service 
have also passed through many stages of development, but owing 
to the growing demand for reliability, under all conditions, 
standard machines are becoming recognized as possessing 
the essential qualities required for marine service and there¬ 
fore are for economical reasons used where possible. 

Mr Hornor has touched on the successful use of electricity 
for ship propulsion. This development will undoubtedly rev¬ 
olutionize much of the established practise of voltage and other 
features in the application of power on shipboard. ^ 

John H. Finney: I want you to consider the important 
part electricity is playing in modern battleships. # When we 
consider a modern type 30,000-ton battleship and install some 
37 000 horse power, it' is a pretty respectable central station 
plant- and it is unique in the variety of voltages. employed 
We find as Mr. Hornor shows, that it uses alternating current 
at 2300 volts, and direct current at 240, 120, and even at the 
low potential of 20 volts. Such a> vessel, controlled m almost 
every function by electrical energy in some form, could not. be 
operated without the trained electrical man at almost every point. 
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THE EFFECT OF TRANSIENT VOLTAGES ON 
DIELECTRICS 

BY F. W. PEEK, JR. 


Abstract of Paper 

Tn oractise failures of dielectrics are generally caused by tran¬ 
sient voltages. It is, therefore, of ^tf^th?IffithSf dh 
determine the various phenomena affecting the strengm oi 
electrics and means of protecting them when they are subjectea 
tcflmowrf transient voltages. An 

impulse voltages of any, given wave front, length ot tail, etc., 
can be obtained is described. . - * oolid dielec- 

This excess or rise, in voltagt above the continuously applied 

fieW, the shape and spacing of the electrodes, initial ionization, 

6t The strength of air between spheres and needles for impulses of 

^ Transient soark-over and corona voltages for wires, surface 
sp Jrk over insulalor spark-over, effects of polarity, air density, 

Pr T C ransLnt^park-°over voltage and time are recorded for oil, and 

"^hfgenerafiawfof'reakdown of dielectrics by transient volt- 
ages are summarized. _ __ 

Introduction 

E NERGY is required to break down gaseous, liquid and 
solid dielectrics. This introduces a time element. As an 
example consider air. For continuously applied a-c. or d-c. 
voltages, rupture occurs when a given gradient is reached. 1 his 
voltage gradient is con stant and is termed the strength o air. 

The author wishes to acknowledge indebtedness to Mr. B. L. Stemmons 
for his skilful assistance in making experiments and calculations. 

See Hayden and Steinmetz—Disruptive Strength with Transient Vol¬ 
tages, Trans. A. I. E. E., Vol, XXIX, 1910, p, 1125, 
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It may be defined in terms of the electron theory as the gradient 
that is necessary to bring the ions up to sufficient velocity to 
produce other ions by collision with atoms or molecules. Break¬ 
down takes place when ionic saturation is reached along a given 
path. The time element is not noticeable when the voltage is 
continuously applied. If, however, the time of application is 
very short, or limited, as is the case with transients, a higher 
voltage is required to produce ionic saturation in the limited 
time, than when the voltage is continuously applied. 

The rupturing energy and the time to cause rupture when a 



Fig. 1 


given transient voltage is applied, vary with the dielectric 
material, the dielectric circuit, thickness of material, initial 
ionization, etc. Data on, and the law of the variation of, insu¬ 
lation strength when subjected to transient voltages are of great 
practical importance, as most insulation failures are due to 
such voltages. 

The following investigation was made to determine the various 
phenomena affecting the strength of dielectrics when subjected 
to transient voltages. In order to make such an investigation 
a generator capable of supplying impulses of given wave front, 
tail, etc., is necessary. 
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Method of Producing Known Transient Voltages 

The Impulse Generator. The impulse generator is shown in 
Fig. 1. Its operation is as follows: Constants of the circuit, C, 
L and R 1? are adjusted for the desired impulse, and the sphere gap 
A set for a given voltage, E. The transformer voltage is then 
gradually increased until the gap A discharges. Fig. 2 is an 
oscillogram of voltage across the gap A, and transformer current 
in the gap. This oscillogram shows that the gap at A breaks 
down at the maximum point of the 60 ~ wave, and that the volt¬ 
age across A drops to zero. The arc at A holds and short- 
circuits tlie transformer until the transformer voltage is removed. 
Gap A thus automatically measures the applied low-frequency 
voltage and, in effect, closes the circuit as a switch. This is the 
novelty of this generator and makes such tests possible. The 
transformer is separated from the impulse circuit by the re¬ 
sistance co. 

The equivalent circuit is shown in b or c, Fig. 1. As soon as the 
arc closes the circuit, the condenser discharges through the arc 
and through the inductance and resistance. The transient con¬ 
denser discharge current causes a transient voltage across the 
resistance R%. In the generator used in these tests, Ri is a water 
tube resistance. L is made up of single layer coils in air. The 
condensers are made of glass coated with tin-foil. The foil is so 
placed that appreciable corona losses do not occur. 

The discharge current of a condenser through a resistance and 
inductance is 1 


„ / R — St R±St\ 

. *E ( 2 L 2 L ) 

* = V v e ” € ' 


(1) 


The transient voltage across R is 


/ r —St R ±s t\ 
. ER ( 2L 2 L J 

e = % R = — \e — e / 


( 2 ) 


where E — voltage across gap A (or condenser at t = 0). 

t = time in seconds. 

L — inductance. 

K = resistance of water tube, arc, coils, leads, etc. 
r, =s resistance of water tube which is practically 

1. See Steinmetz, Transient Phenomena and Oscillations* or Bedell 
and Crehore, Alternating Currents, 
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If the constants are such that R 2 > the impulse is loga¬ 

rithmic and non-oscillatory and equation ( 4 ) is used. If the 

4JL 

constants are such that R 2 < —the transient is oscillatory 

and the trigonometric equation (5) is used. . By using (5) in 
such a way that only the first half wave is appreciable an im¬ 
pulse approaching a single half of a sine wave may be obtained. 
In such a case it is sufficient that the wave approximately follow 
a sine law from zero up to the maximum, and on the fall¬ 
ing wave to a point below the 60 ^ breakdown voltage 
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of the insulation tested. Correction may be made for 

R 

Ri if necessary by multiplying e by —. The time at 
which the maximum of the wave occurs is 

t = arc tan %- (7 a) 

a K 

f or the trigonometric case, and 

L i R + S 

1 S log, i? - 5 (7 ) 

for the logarithmic case. 

Such waves are shown in Figs. 3 and 4. Tables I and II are 
given to show the method of making calculations. 



Fig. 3 
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The electrodes across which the transient spark-over voltages 
are to be studied, or the electrodes between which is placed the 
insulation under test, are connected across the resistance R x : 
Gap A is set to give the desired impulse voltage. The trans¬ 
former voltage is then increased until arc-over occurs. The 
test piece places a capacity, C x , in multiple with the resistance, 
Ri. Unless C\ is quite small compared with C the impulse will 
be modified by C 1 . If not otherwise stated in the tests, C% is too 
small to affect results as shown by calculations and tests. 

General Discussion of the Effect of Transient Voltages 
A definite finite amount of energy is required to break down 
air or other insulation. This means that break-down cannot take 
place instantly upon the application of voltage but that finite 



time must elapse between the application of voltage and the 
break-down. The time depends upon the rate at which the 
voltage is applied, the dielectric material, the shape and spacing 
of the electrodes, initial conditions, etc. The strength of air 
under transient voltages will first be considered. 

When the time of application of the voltage is not limited, as 
at 60 ~ a-c., or d-c., air breaks down at a gradient of 30 kv. per 
cm. maximum (5 = 1). This may be again defined in terms of 
the electron theory as the gradient necessary to bring the ions 
up to sufficient velocity in their mean free path to produce other 
ions by collision with atoms and molecules. Breakdown occurs 
when a sufficient number of collisions take place to produce ionic 
saturation. 3 Initial ionization, even to a considerable extent, 

3. F. W. Peek, Jr.,—Law of Corona, I, II, III, A. I. E. E. Trans. 
1911, 1912, 1913. 
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does not appreciably change this gradient for continuously ap¬ 
plied voltages. However, the time required for ionic saturation 
to take place may be changed by initial ionization. This time 


TABLE I.. 

CALCULATION OF IMPULSE WAVE 

C = 0.0005 X 10- 6 farads. L = 0.312 X 10- 3 henrys. R = 520 ohms. 
R Q 

o 2ER - -7- arc tan -= . Q 

e max =- e Q R sin arc tan — = 43.0 

q R 


e 


Bt 



A = C L = 15.6 X 10- 14 B = C R = 2.6 X 10- 7 

\J ±L - l = 2.87 B/2A = 0.0834 X 10 7 K = 0.43 


2L # 

i = - arc tan — = 0.5 micro-seconds = 500 kc. 

1 R 


t 

micro¬ 

secs. 

Bt 

Bt 

Bt 

2.4 

Radians 

Radians 
X 57.3 


Bt 
" 2 A 

6 sin 0 

e 

% 

of 

2.4 

2.4 

logio € 

e 

2 A 

= deg. 

o 



kv. 

e max 

kv. 

0.20 

0.167 

0.072 

% 

0.846 

0.48 

27.5 

0.462 

0.390 

27.1 

63.0 

0.40 

0.334 

0.145 

0.714 

0.96 

55.0 

0.819 

0.585 

40.6 

94.5 

0.50 

0.416 

0.181 

0.657 

1.19 

68.5 

0.930 

0.615 

43.0 

100.0 

0.60 

0.500 

0.217 

0.608 

1.48 

81.8 

0.989 

0.600 

•41.8 

97.5 

0.80 

0.664 

0.290 

0.515 

1.90 

108.6 

0.950 

0.490 

34.0 

79.4 

1.00 

0.830 

0.360 

0.436 

2.38 

136.5 

0.725 

0.316 

22.0 

51.4 

1.30 

1.08 

0.468 

0.341 

3.10 

178.0 

0.034 

0.012 

0.89 

1 .88 

1.45 

1.20 

0.520 

0.302 

3.44 

197.0 

-.290 

-.0875 

-6.18 

-14.2 

1.60 

1.34 

0.581 

0.258 

3.82 

219.0 

-.630 

-.162 

-12.5 

-26.1 

1.80 

1.49 

0.646 

0.226 

4.28 

245.0 

; -.906 

-.205 

-14.3 

-33.3 

2.00 

1.67 

0.725 

0.189 

4.78 

274.0 

-.994 

-.187 

-14.4 

-30.3 

2.25 

1.87 

0.814 

0.154 

5.36 

308.0 

-.788 

-.121 

-8.45 

-19.7 

2.50 

2.09 

0.905 

0.124 

6.00 

344.0 

-.276 

-.034 

-2.6 

-5.5 

3.00 

2.50 

1.080 

0.078 

7.17 

412.0 

+ .788 

+ .061 

4.28 

+9.5 

3.50 

2.92 

1.260 

0.045 

8.37 

480.0 

0.886 

.038 

3.0 

6.3 

4.00 

3.34 

1.450 

0.035 

9.58 

550.0 

-.173 

-.006 

0.46 

0.99 


Trignometric case Fig. 3. 


el em ent is not noticeable with continuously applied voltages. 
For instance, if a-c. voltages are continuously applied there is 
no indication whether breakdown occurs at the first half-cycle, 
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TABLE II. 

CALCULATIONS OP IMPULSE WAVE 


C = 0.00133 X 10- 6 farads. L = 0.604 X 10- 3 henrys. R = 5270 ohms. 


e max 


' - R ~ S _ R+S 
ER (R + S) 2S (R+S) 2S 


S \ (R - S) 


(R ~ S) 


where 5 


: V 7 . R 2 - 


4 L 
C 


B 
' 2.4 


-e 


Vi 


4.4 


-Afi-Vi.idp _ lf 1 + V,.«), 


L R+S 

t » •— In -—- = 0.5 micro-second 
5 A-S 


500 kc. 


A = 0.95 


A =» CZ. = 8 X 10- 13 


5 a Ci? = 7 X 10- £ 


\/; 1 - “- “ 0-968 
v 1 B 2 2.4 


= 4.37 X 10- 8 


f 

micro¬ 

seconds 

-(i- 
2 A V 

X log € 

— z 

€ 

ir( 1+ 

* log e 

— x 

e 

-z -x 

€ —6 

e 

kv. 

■ % 
of 

e max 

kv. 

V X _M) 

B2/ 

v'l-tf) 

0.30 

0.04 

0.0173 

0.963 

2.58 

1.13 

0.074 

0.889 

91.8 

96.5 

0.50 

0.07 

0.0303 

0.933 

4.30 

1.87 

0.014 

0.920 

95.0 

100.0 

0.70 

0.098 

0.0425 

0.908 

6.00 



0.908 

93.8 

98.8 

1.00 

0.14 

0.0610 

0.870 




0.870 

90.0 

94.7 

2.00 ! 

0.28 

0.1210 

0.758 




0.758 

79.5 

83.5 

3.00 

0.32 

0.1890 

0.647 




0.647 

66.8 

70.3 

4.00 

0.56 

0.2430 

0.572 




0.572 

59.2 

62.3 

5.00 

0.70 

0.3030 

0.498 


.. 


0.498 

51.5 

54.2 

7.00 

0.98 

0.4250 

0.378 




0.378 

38.5 

40.5 

10.00 

1.40 

0.6070 

0.248 




0.248 

25.7 

27.0 

20.00 

2.40 

1.2100 

0.061 




0.061 

6.3 

6.6 


Logarithmic case Pig. 3. 
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or after a number of half-cycles have elapsed. In order to study 
the time element single impulses must be applied. When such 
impulses are of sufficiently short duration, higher voltages are 
required to produce ionic saturation in the limited time. If 
the number of available ions is small at the start, a longer time 
may be required to produce ionic saturation. Single impulses 
must not be confused with continuously applied high frequency. 
With continuously applied high frequency a greater number of 
half waves may be necessary to cause breakdown than at 60 ~ 
but a higher voltage is not necessary, as the effect of each half 
wave is cumulative. Note Fig. 4. If the voltage is such as to 
produce a gradient of 30 kv. per cm. and is continuously applied, 
as in wave A , breakdown may take place at time a or a , etc., 
depending upon initial conditions, etc.; g A is not changed, how¬ 
ever. 

If a single half-cycle of a high-frequency sine wave is applied 
so as just to cause spark-over it is found that the maximum volt¬ 
age must be such as to produce a gradient g B > while breakdown 
may take place at b or b r . Breakdown takes place in shorter 
time than for A, but it is necessary to apply a higher average 
voltage during this limited time. If a very high transient over¬ 
voltage wave, C, is applied, breakdown may take place at some 
point c, on the rising curve. The time is shorter than 3, but the 
average voltage is much higher. If a wave D , with a long tail, 
and a maximum voltage just high enough to cause breakdown 
is applied, rupture will probably take place at some point d , 
near the continuously applied wave A. The D voltage neces¬ 
sary just to cause spark-over is lower than 3 as the time is longer. 
In any case the insulation starts to break down as soon as the 
impulse voltage reaches the continuously applied breakdown 
voltage. Thus, while the impulse voltage may not be sufficiently 
high to cause complete breakdown, if it is higher than the 
continuously applied breakdown voltage, it may do considerable 
damage to solid insulations. The wave E would not cause break¬ 
down in air; ionic saturation would not take place, but ionization 
would just begin. 

This discussion applies particularly to non-uniform fields, 
(for instance, the field around needles), where the ions do not at 
the same time everywhere come up to sufficient velocity to pro¬ 
duce others by collision. For more nearly uniform fields, as 
those around spheres, the time element is less. 

From the above discussion it appears that: 
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1. Impulse voltages higher than continuously applied voltages 
are required to rupture insulation. 

2. The increase over the continuously applied voltage de¬ 
pends upon the rate at which the voltage is applied or the steep¬ 
ness of the wave, and length of tail, time of application, initial 
conditions, etc. 

3. The increase in voltage, or required time, depends upon the 
length of gap, and shape of electrode, or the nature of the dielec¬ 
tric circuit. This is so, inasmuch as the rupturing energy, and 
therefore, the time, depend upon the amount of air that it is neces¬ 
sary to ionize in the path of the arc. 

4. Dielectrics begin to rupture as soon as the impulse voltage 
reaches the continuously applied rupturing voltage; the effect 
is cumulative with successive impulses. A single impulse of 
short duration may cause complete breakdown, if of sufficiently 
high voltage. 

5. Needle gaps are affected by the time element to a greater ex¬ 
tent than sphere gaps, because they require a greater rupturing 
energy. 

6. The time lag may be explained by the energy theory and, 
also, is in accordance with the electron theory. 

We have termed the ratio of the impulse breakdown voltage 
to the continuously applied breakdown voltage the “ impulse 
ratio. 75 So far the discussion has been general; a more detailed 
and theoretical discussion will be given later. The discussion 
as given applies more particularly to air; with slight modifica¬ 
tions it also applies to other insulations as, will appear later. 

It now remains to test the above reasoning by experiment. 

EXPERIMENTAL DETERMINATION OP THE EFFECT OF 
TRANSIENT VOLTAGES ON AIR 

Spark-over of Spheres and Needles 

Impulses of the Same Front , but Different Duration . Spark-over 
voltages were measured between spheres and needles with wave 
shapes as shown in Fig. 5. The instantaneous voltages are plotted 
in per cent of maximum. The time is measured in micro-seconds. 
The fronts of the waves are all practically the same and equiva¬ 
lent to that of a 500-kilocycle sine wave. The duration or the 
length of tail is, however, quite different. Table III gives the im¬ 
pulse breakdown voltage, and the 60 ~ breakdown (continuously 
applied) voltage corresponding to different gap settings. These 
tests were made by setting the A gap for a given impulse voltage, 
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and adjusting the spheres or the needles (not in parallel) across 
Ei until spark-over occurred. This was repeated for different 
voltages until a curve was obtained. 

Looking at Fig. 5, wave No. 4 is of longest duration, while 
wave No. 1 is of shortest duration. Wave No. 1 may, in fact, 
be considered as equivalent to a single half-cycle of a 500-kilo¬ 
cycle sine wave. The oscillation may be neglected, as its maxi¬ 
mum value for any given spark-over is kept below the continu¬ 
ously applied spark-over voltage. 

According to the general discussion above, a much greater 
spark-over voltage should be required, for a given spacing when 
wave No. 1 is used than with 60 the spark-over voltage for 



Fig. 5 


wave No. 1 should also be greater than for waves Nos. 2, 3 and 4. 
The spark-over voltage of wave No. 4 should be lower than for 
waves Nos. 1, 2 and 3 but greater than 60 This applies 
particularly to needles. With spheres at limited spacings (not 
greater than the sphere diameter), where the field is more or less 
uniform, less effect due to limited time should be expected. In a 
uniform field the ions come up everywhere at the same time to 
sufficient velocity to produce others by collision. The path is 
of minimum length. Spark-over is the first evidence of stress. 

ith needles, considerable energy must be expended in corona in 
a large space, before spark-over can occur. The length of the 
path, is a maximum. 

Such data on spheres and needles are tabulated in Table III 
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and plotted in Fig* 0* The experimental results check the gen¬ 
eral discussion, For example, looking at Fig. 0, at 10-cm. spacing 
the spark-over voltage of needles at (H) ~ is 75 lev.; with wave 



PlO. 0 1 MI’fl.M*. Si* A UK -OVKH Vi >1/1'AUKS Ol» NkEDLKS .-dvFFKeT OK 

Wavk Siiai*k 

Xnntlff'JM!i * HJ'vr’- trirt !-m tv.tVt.rn in I* 

N^ (J | jt j»jsH kv.; with wave No, 2 it. is IH1 lev.; with wave No. 
g ji j,.; |h I kv.; with wave No. 4 it. is tit) kv. "1 he total time that 
wave:; Nos. 1,2, H and 4 at the voltages just given are ahmu^ the 
gp voltage is approximatly (1445, 1.52, 2,70 and 5.0 micro- 


*'sii v 



;.L 


-r—* 

| | ; ; 4 * : ’ 

i j | 

'4b "' 4« ’ ’' 4"S 


!»> ‘ S’# *#tl 


4 **n i? ' Ak 

HMt MiCtifO'&fCONDS 

ih,. 7 r*t\ii\«*Mrsi.v Amiitt, a.nu V\uutvs Imhu.sk Voj,taokh 
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sen mils* respectively. See Fiy. 7. Wh ere the maximum of tin* 
impulse chape in very little nliovc the continuously applied 
volt aye she time umv he comparatively wry great. . ^ 

Tlie effect of these voltages on spheres is given in I aide JII 
ami pintle*! in 1**4:. K. The drawn curve is the flO ~ curve. The 
4. One uttlheisth of « -Heenwl* 
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points are measured impulse values. It is seen that these fall 
close to the 60 ~ curve where the sphere diameter is large com¬ 
pared to the spacing, or where 
the field is fairly uniform, as was 
the condition under which tests 
were made. It would thus ap¬ 
pear that the sphere offers a 
fairly accurate means of measur¬ 
ing transient voltages of steep 
wave front. The • applied im¬ 
pulse voltages measured by 
spheres (with the above limit¬ 
ations) check well with the 
voltages calculated by consid¬ 
ering the transient current flow¬ 
ing through the resistance Ri. 

Thus the time , or more exactly the 
energy , required to sparkover a 
sphere gap is much less than that 



Fig. 8—Impulse Spark over of 
25-cm. Spheres—Effect of Wave 
Shape 


required for a needle gap; the amount of air that it is necessary to 
ionize before rupture is much less for the sphere. In all cases 
tests were made to show-that the change in capacity of the gap 
and stand did not affect the impulse. 



Fig. 9—Impulse Ratio of Needles and 25-cm. Spheres*—Effect 

of Wave Shape 

Wave No 1, Fig 5, X Wave No. 3, Fig. 5 

“ « 2 “ “ O « « 4 “ « + 


The impulse ratio for spheres and needles is shown in Fig. 9. 
It will be noted that it is practically unity for spheres; for needles 
it increases with the gap length and with decreasing time of ap- 

plication, ____ 

*Ratio of maximum impulse spark-over voltage to maximum con¬ 
tinuously applied spark-over voltage. 
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TABLE IV —Continued 


Needles 

Spheres 25 cm. 


60 ~ 




60 — 

Impulse* 


Spacing 

spark- 

♦Impulse 

Impulse 

Spacing 

spark- 

spark- 

Imp. 

cm. 

over 

£v. (max.) 

ratio 

cm. 

over 

over 

ratio 


£v. (max.) 




kv. (max.) 

(max.) 





l i 

100 Kilocycles. 1 




2.70 

31.8 

35.4 

1.10 





6.50 

58.0 

65.0 

1.13 





9.0 

71.5 

89.0 

1.26 





11.4 

83.5 

110.0 

1.32 





13.6 

93.0 

127.0 

1.36 





R = 2080 

Dhms 

L = 2.50 > 

10- 3 henrj 

rs C = 0. 

001 x io- 6 

farads. K 

= 0.60 




230 Kilocycles. 




1.75 

21.1 

25.0 

1.18 





2.70 

31.0 

37.6 

1.21 





3.80 

40.8 

50.1 

1.23 


.. 



4.95 

48.5 

62.5 

1.29 





6.20 

56.5 

75.5 

1.34 





7.25 

62.5 

88.0 

1.14 





8.50 

69.0 

100.0 

1.45 





K = 500 c 

>hms. J 

L = 0.799 ; 

X 10" 3 henrys C = 0.0008 X 10* 

6 farads K = 0.356 




350 Kilocycles 

12.5 cm Spheres 

2.20 

26.1 

32.6 

1.25 

1.05 

33.0 

32.6 

.99 

3.20 

35.2 

50.2 

1.42 

1.65 

49.4 

50.2 

1.02 

4.30 

44.4 

67.0 

1.51 

2.30 

65.6 

67.0 

1.02 

5.85 

55.0 

83.5 

1.52 

2.90 

81.0 

83.5 

1.03 

7.00 

61.2 

100.0 

1.63 

3.45 

95.0 

100.0 

1.05 

8.60 

69.5 

117.0 

1.68 

4.25 

113.0 

117.0 

1.05 

9.85 

76.0 

134.0 

1.76 





R =430 

ohms. 

L = 0.312 

X 10" 3 henrys C = 0.001 X IO" 6 farads. K = 0.470 




900 Kilocycles. 




1.65 

9.2 

14.2 

1.52 

0.40 

14.1 

14.1 

1.00 

1.20 

15.2 

28.3 

1.86 

0.90 

28.2 

28.2 

1.00 

1.80 

21.6 

42.3 

1.91 

1.40 

42.3 

42.3 

1.00 

2.60 

29.7 

56.5 

1.92 

1.90 

55.0 

56.5 

1.02 

3.10 

33.9 

70.7 

2.08 

2.40 

68.0 

70.5 

1.03 

3.60 

38.9 

84.7 

2.18 

2.90 

82.0 

84.5 

1.03 

4.00 

42.3 

99.0 

2.34 

3.50 

95.0 

98.5 

1.04 





3.70 

100.0 

106.0 

1.06 

o 

o 

• 

' II 
£ 

ohms. 

L = 0.166 

X IO" 3 henrys. C = 

0.00025 X IO’ 6 farads. 

K = 0.35 


♦Calculated from circuit constants and voltage E , across gap A. See equations (1) to (7). 
=EK where % is obtained from (7). See Tables I and II. K is constant for any given 
wave. The impulse voltages are obtained by multiplying the 60 ~ voltage E, by K. 
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Needles. The time range is from continuously applied (60 ~) to 
900 kc. Applying the same reasoning used above, where the 
duration of the impulse is decreased, higher spark-over voltages 
should be required for needles; thus, the higher the frequency 
(the shorter the time) that the single half wave corresponds to, 
the higher the voltage that should be required to cause spark-over. 
The data is plotted in Fig. 10. It must be remembered that 
“ frequency ” is not used in the ordinary sense; it indicates here 
the time required for the voltage to reach a maximum along a 
sine curve. For instance, the 500-kc. wave reaches its maximum 
in 

4 X 500 000 = °‘ 5 X 10-6 seconds = 0.5 micro-seconds. 



Note the voltages corresponding to 5 cm. spacing. These volt- 
ages are 48 kv. for continuously applied, 57 kv. for 100 kilo¬ 
cycles; 64 kv. for 230 kilocycles; 75 kv. for 350 kilocycles; 93 
kv. for 500 kilocycles and 123 kv. for 900 kilocycles. 

The variation of voltage with frequency or 1/time in micro¬ 
seconds to reach the maximum is plotted for constant spacings 
in Fig. 11. These curves cut the axis (zero frequency) at the 
continuously applied spark-over voltage. 

For any single half cycle sine-shaped impulse at any instant 
at a given u frequency ” the rate of application of voltage across 

the gap, a = Average a = —■ is greater the higher 
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the maximum voltage. Thus, at 500 kc. and 3-cm. spacing (Fig. 
11) ,emax = 58kv.;f = 0.5micro-seconds. 


a 


58 

0.5 


= 116 kv. per micro-sec.; at 5-cm. spacing 


a — J-i- = 182 kv. per micro-sec. The law of spark-over of 
0.5 

needles for sine shaped impulses determined from data m Table 

IV may be expressed . 

e = 0.0176 xf+e 0 W 



p IG> xi_ Impulse Spark-over Voltage of Needles Single Half. 

Cycle of Sine Wave of Different Frequencies 

where e = maximum of a sine-shaped impulse just to cause 
spark-over. 

e 0 = maximum 60 ~ spark-over voltage. 
f = corresponding frequency of single half sine wave 
impulse in kilocycles, 
x = spacing in cm. 

ex = 0.0176 x/=voltage rise above the 60 ~ spark-over 
voltage. 

The crosses in Fig. 11 are calculated from this equation; 
the circles are measured values. 
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Equation (8) may also be written in terms of the time t, m 
which the sine wave reaches a maximum. Thus, 



Fig. 12 —Needle Gap Spark-over (Kv. vs. Time.) 


where t = time in micro-seconds for the impulse to reach maximum 

t = 4 - 4 £ ( 10 ) 

e — eo 

It is interesting to take a given spacing x, and determine t for 
various assumed values of e. Such curves are plotted m Fig. 1^; 
e then is the voltage which is reached before spark-over occurs. 
This voltage starts from zero, and approximately follows a sipe 
curve which reaches its maximum in the time t. It is probab e 
that for needles, spark-over takes place after the maximum is 
passed. It can be seen that when the voltage does not nse 
rapidly above e 0 the time lag may be very great. The lag is 
greater at large spacings than small ones. At a given spacing 
the lag decreases with increasing rate of application, or a. 

It is of interest to put t in terms of the rate of increase of volt- 
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age. Where a is the average rate of increase in voltage between 
zero and a maximum 

e 

a = J 
e = at 


Substituting in (9) and solving for t, 


t = 


_£o_, A/_£o^_ , 4.4 x 

2 a ‘ 4a 2 ot 


(id 


The time that the voltage is above e 0 may be found by sub¬ 
tracting the time required to reach e o from t . An equation contain¬ 
ing a as in ( 11 ) would be of especial interest for voltages increasing 
along a straight line at a definite slope a. See data Table V. 

In making impulse tests it is found that spark-over may not 
take place at every impulse, but perhaps at only one in ten, or 
one in fifty. To cause spark-over at every impulse it is necessary 
to increase the voltage, the amount depending upon the elec¬ 
trodes. The difference is minimum for spheres, and about one 
per cent. It may be 10 per cent for needles at very steep wave 
front. It is maximum for urisymmetrical electrodes. This will be 
discussed later. In all of these tests, unless otherwise stated, the 
gap was set so that one spark-over took place in ten impulses. 

Spheres and Needles Compared. Up to single half-cycles of 1000- 
kc. sine waves, there is no great difference between the continu¬ 
ously applied and impulse spark-over voltages for spheres set 
below diameter spacing (except at very small spacings). Spark- 
over probably takes place near the maximum point of the wave. 
Such variations as occur are within the range of experimental error 
an d thus cannot be accurately determined. When the spacing is 
less than the diameter of the sphere corona cannot form; spark- 
over occurs along a small tube of air directly connecting the 
nearest surfaces of the spheres. The spacing is small com¬ 
pared to the needle gap spacing for the same continuously applied 
voltage setting. Before a needle sparks over, a large “ sphere” 
of coro na must first form. Local breakdown starts at the points 
in the irregular field; the “sphere” of corona is gradually formed 
around each point as the voltage increases; finally spark-over oc¬ 
curs. There is chance for ionic recombination and escapement; 
the energy stored in the field must be supplied through the resist¬ 
ance of the gradually forming corona “ spheres”. The time lag 
of the needle is thus large. Much more energy is required 
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than for the spheres. See Fig. 13, where this is illustrated 
diagramxnatically for both spheres and needles. When the 
sphere spacing is so large that corona precedes spark- 
over, the time lag or energy lag becomes appreciable. 
The condition at very small spacings is a special, one and will 
be considered later. Thus, the sphere used within the proper 
limi ts is very “ fast ”, compared to points, and offers an accurate 
means of measuring transient voltages in the range covered above. 
The curves can be calculated by formulas already given. Other 
electrodes have small time lag when arranged in such a way that 
the dielectric field is fairly uniform and corona formation does 
not precede spark-over. 

The surfaces of the spheres may be roughened, to some extent, 
without greatly changing the impulse spark-over voltage. Drops 
of water or rain on the electrode surface greatly reduce the 60 ~ 

spark-over voltage but reduce the impulse voltage to a much less 

extent. 



Fig. 13 FlG - 14 


Spark-Over of Gaps in Multiple—Over Voltages 
at Constant Slope 

If sphere and point electrodes set to spark over at the same 
60 ' voltage are placed in multiple and a steep wave front 

impulse is applied, spark-over will, always take place across the 
sphere gap. See Fig. 14. The sphere gap may now be set at a 
higher continuously applied or 60 ~ voltage than the needle gap, 
an impulse, if of sufficiently short duration and/high enough 
voltage, will spark-over the sphere gap before the needle gap has 
time to discharge. For instance, if a sphere gap is set for 84 
kv. and a needle gap for 45 kv. at 60 ~, an impulse equivalent to 
a single half-cycle of a 177 kv. sine wave (of average front a - 
730 kv. per micro-sec.) will always discharge across the sphere 
gap, although the needle gap is set at about half the 
5. F. W. Peek, Jr.,—•“ The Sphere Gap as a Means of Measuring High 
Voltages.”— Trans. A. I. E. E., 1913. 
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60 ~ voltage. These gaps share the impulses equally, only 
when the 60 ~ settings are 84 kv. and 42.6 kv. respectively. 
See Table V. This illustrates the difference in speed between a 
needle gap and a sphere gap. The impulse voltage is allowed 
to rise above the 42.6 kv. setting of the needle gap, and reach the 
84-kv. setting of the sphere gap before the needle has time to 
spark-over. It is probable that, due to the relatively small lag 
of the sphere, the voltage rises slightly above 84 kv. See Fig. 
15, where this particular case is illustrated. The needle gap 
spark-over voltage is 42.6 when the time is not limited; due to the 
time lag, spark-over does not take place when the voltage rises 
to 42.6 kv. but at some higher value, t n micro-seconds later. 
The time, t s , represents the small time of the sphere. With the 
above setting, spark-over may take place across either gap. If 
both the sphere gap and needle gap are now set at 42.6 kv. (60 
the sphere gap will spark-over t 8 micro-seconds after this voltage 




occurs. The time, t„ is relatively very small. The needle gap 
can then never discharge until the sphere gap is removed when 
spark-over will take place after the voltage has increased above 
42.6 kv. along the wave for the time t n . See Fig. 16. With the 
relative settings as in the first case above sparks may be made to 
pass at will over either the spheres or needles for the multiple 
gap by varying the wave front. 

The data in Table V were obtained by applying over-voltages 
to sphere and needle gaps in multiple. The sphere gap was set 
at a given voltage, the needle gap was then adjusted until the 
applied impulse sparked an equal number of times between 
spheres and needles. A number of points -were thus obtained. 
The waves made use of in obtaining different “ fronts are illus¬ 
trated in Figs. 15 and 17. A maximum impulse voltage was 
always taken higher than the voltage setting of the sphere so that 
discharge took place on the rising wave where the front was still 
steep. This, then, approximates a voltage wave rising along 
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TABLE V 

SPARK-OVER OF SPHERES AND NEEDLES IN MULTIPLE ON RISING WAVE 


(Set to Share Impulses Equally on Very High Over-Voltages.) 


Applied 

Spaced to share im¬ 
pulses equally. 

Spark-over voltage 
for these gaps at 60 
~ (max.) 

Wave front 
(average) 

« = kv. 
per micro- 
sec. 

Time 
from zero 
to sphere 
voltage. 

micro¬ 

sec. 

Imp. 

Ratio 

Needles 

Impulse 
(Single half 
cycle 500 
kc. sine 
wave.) 
max. kv. 

Spheres 
(12.5 cm.) 

cm. 

Meedles 

cm. 

Spheres* 

N eedles 

212 

0.90 

0.95 

28.3 

12.2 

1080 

0.027 

2.30 

« 

1.95 

2.25 

56.5 

26.4 

940 

0.060 

2.14 

« 

3.07 

3.90 

84.0 

41.7 

900 

0.094 

2.00 

« 

4.27 

5.70 

113.0 

53.5 

850 

0.132 

2.10 

u 

5.63 

7.20 

141.0 

62.1 

770 

0.180 

2.25 

a 

7.20 

10.00 

170.0 

76.0 

710 

0.240 

2.24 

177 

0.90 

1.00 

28.3 

12.8 

810 

0.035 * 

2.20 

« 

1.95 

2.45 

56.5 

28.2 

. 790 

0.071 

2.00 

u 

3.07 

4.15 

84.0 # 

42.6 

730 

0.115 

1.97 

u 

4.27 

5.80 

113.0 ' 

54.0 

660 

0.170 

2.10 

K 

5.63 

9.40 

141.0 

73.0 

590 

0.240 

1.95 

107 

0.90 

1.05 

28.3 

13.1 

495 

0.057 

2.16 

« 

1.95 

2.75 

56.5 

31.0 

430 

0.131 

1.82 

« 

3.07 

5.00 

84.0 

49.0 

345 

0.242 

171 


*Also approximately impulse spark-over voltage See waves Fig. 17. 
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a straight line of a given slope. The sphere gap measures ap¬ 
proximately the discharge voltage as shown in Fig. 15. The 
actual voltage is higher. The average rate of increase is in one 
case 1080 kv. per micro-sec. Note that for this particular case 
the sphere gap and the needle gap are set at approximately 
the same linear spacing . Thus, for steep enough wave fronts, 
the linear spacing determines where the discharge takes place 
for gaps in parallel, although the continuously applied spark 

TABLE VI. 

TRANSIENT CORONA 
(Single half sine wave.) 

Concentric Cylinders in Air 


Bar - 76. cm. t = 25 deg. cent. 5 = 1 Outer Cyl. rad. R =*= 8.8 cm. 


Wire 

Radius 

60 ~ tests. 

Impulse tests. 




Test 

Corona 

Spark- 

Single half 

r 

Calc. 

Test 

spark- 

—- 


over 

sine wave 

cm. 

corona 

corona 

over 

A 

B 

kv.(max.) 

frequency 


kv. (max.) 

kv. (max.) 

kv. (max.) 

kv. (max.) 

kv. (max.) 

lin 10 

kilocycles 

0.0318 


13.4 

135.0 

13.8 

15.6 

100 

100 





14.7 

16.0 


500 





15.1 

16.1 


900 

0.0573 

20.5 

20.0 

110.0 

21.2 

23.7 

100 

100 





22.0 

24.0 


500 





22.6 

24.0 


900 

0.130 

31.4 

31.3 

49.6 

32.3 

33.2 

103 

100 





33.5 

34.0 


500 





34.2 

34.8 


900 

0.95 

86.0 

85.0 

86.0 

85.0 

86.0 

108 

100 





87.0 

87.5 


500 




- 

87.5 

88.0 


900 

1.425 

100 

98.0 

98.0 

99.0 

99. 

110 

100 





99.0 

99.5 


500 





100.0 

101.0 


900 


voltages vary greatly. It is even conceivable that for very steep 
wave fronts a smaller gap would be necessary for needles 
than for spheres. 

Transient Corona and Spark-Over for Concentric 
Cylinder. + and — Transient Corona 
Single half wave impulses were applied between concentric 
cylinders in a dark room. The impulse voltage was gradually 
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increased until visual corona started. The tests were conducted 
in much the same way as similar tests at 60 The visual 
corona was quite definite although the impulse producing it 
in some cases reached its maximum value m approximately 
3 X 10 -7 seconds. A difference in the appearance of the 
corona was noted with successive impulses. There ap- 


TABLE VI —Continued 



peared to be two kinds. This should be the case, as the wire 
should average an equal number of times positive and negative. 
The voltage at which the first appeared is in Table VI, Column A, 
the second is in Column B. The difference in voltage is not 
great and can only be detected for small wires. The corona 
appears to start at the lowest voltage when the wire is negative 
(0.0573 cm. diameter wire in 7.6 cm. cylinder, 5 = 1). When the 
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wire is + the corona seems to extend out to a considerable extent in 
fine streamers. The visual voltages for 900-kc. impulses were — 18 
and + 19. The 60 ^ calculated and measured values correspond¬ 
ing to the impulsemeasured values are given in Tables VI and VII, 
and plotted in Figs. 18, 19, 20 and 21. A comparison between 
the apparent impulse and the 60 ^ corona voltages is best made 


TABLE VII. 

TRANSIENT CORONA AND SPARK-OVER. 
Bar. = 76 cm. t = 25° C. 5 = 1. 

Radius Outer Cylinder R — 8.8 cm. 



Corona 

Spark-over. 


Sv 

Sv 






Freq. 

, Wire 

meas. 

cal. 

Sv 


Kilo- 

Kilo- 


kilo- 

radius 

60 ~ 

60 ~ 

impulse. 

Imp. 

volts 

volts 

Imp. 

cycles 

Y 

kv. per 

kv. per 

kv. per 

ratio 

60 - 

impulse 

ratio 

single 

cm. 

cm. 

cm. 

cm. 


(max.) 

1 in 10 


half sine 


(max.) 

(max.) 






wave 

! 0.0318 

76.0 


77.0 


135.0 

100 

r 

o be 

100 




82.0 




ci .5 

o 

500 




85.0 




B g 

£ eo 

900 








XT'. <3 


0.0573 

70.0 

71.5 

73.0 

1.02 

110.0 

100 

o £ 

100 




76.0 

1.06 



> o 
) o 

500 




78.0 

1.09 



9 V 

900 










; o.i3o 

56.9 

56.9 

59.0 

1.04 

49.6 

103 

2.08 

100 




61.0 

1.07 




500 




62.0 

1.09 




900 

0.95 

40.0 

40.5 

40.5 

1.00 

86.0 

108 

1.26 

100 




41. 

1.01 




500 




41.5 

1.03 




900 

1.425 

38.4 

39.0 

38.2 

0.98 

98.0 

110 

1.12 

100 




38.2 

0.98 




500 




38.6 

0.99 




900 


by referring to Fig. 21, where the ratios of impulse to 60 ~ volt¬ 
ages (impulse ratios) are plotted. The percentage difference is 
not great except for small conductors; part of the difference may 
be due to difficulty in determining the exact starting point. The 
difference increases with decreasing time of application of the 
voltage. A 60 ~ corona curve for a wire in a cylinder is plotted 
in Fig. 19. The variation in the apparent strength of air with 
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the conductor radius at 60 ~ and for a single half-cycle sine 
wave 900-kc. impulse is given in Fig. 20. Comparatively small 
time lag should be expected in the first appearance of visua 
corona as it is essentially spark discharge over a short distance 
from wire to space, very similar to sphere spark-over. The 
“ spark-over ” may be considered as taking place from the con- 

TABLE VII —Continued 

TRANSIENT CORONA AND SPARK-OVER. ^ 

Bar. = 76 cm. t = 25° C. 5-1- 

Radius Outer Cylindei. R = 3.81 cm._____ 


— 

Corona j 

Spark-over 

Wire 
radius i 

r 

Sv 60 ~ 

neas.kv. 
per cm. 

max. 

Sv 60 ~ 
cal. kv. 
per cm. 

max. 

Sv im- 
pul se 
kv. per 

cm. 

Impulse 

ratio 

Kilo¬ 

volts 

60 ~ 
(max.) 

Kilo¬ 

volts 

impulse 

1 in 10 

Impulse 

ratio 

Fre¬ 

quency 

0.0129 

110.0 

113.0 

114.0 

126.0 

130.0 

1.01 

1.11 

1.15 


32.0 

68.0 

IV 

g a 

100 

500 

900 

0.0318 

83.0 

85.0 

88.0 

89.0 

95.5 

1.03 

1.05 

1.12 

49.0 

33.0 

67.5 

2 a 

1 8 

100 

500 

900 

0.0573 


71.5 

72.5 

83.2 

1.01 

1.16 

40.0 

35.0 

66.0 

® £ 

100 

500 

900 

C.239 


50.5 

50.5 

56.0 

1.00 

1.11 

33.9 

44.7 

63.7 
103.0 

1.32 

1.88 

3.05 

100 

500 

900 

0.318 

47.6 

47.6 

49.0 

50.0 

52.9 

1.03 

1.05 

1.12 

37.9 

45.0 

64.0 

98.0- 

1.20 

1.70 

2.60 

100 

500 

900 

0.635 

42.2 

42.9 

43.0 

44.0 

45.4 

1.00 

1.02 

1.06 

48.1 

50.0 

62.0 

81.0 

1.04 

1.29 

1.68 

100 

500 

900 

1.270 

39.4 

39.4 

39 0 
40.0 

40 ;o 

0.99 

1.01 

1.01 

55.0 

55.0 

56.0 

55.0 

57.0 

69.0 

1.00 

1.04 

1.25 

100 

500 

900 


ductor to space through the “ energy distance ” or rupturing 
distance of 0.3 Vr cm. This is the finite distance over which 
air must be stressed at a gradient of 30 kv per cm. and above 

(5 = 1) before corona can start. 6 ___ _ 

6 p. W. Peek, Jr.,—Law of Corona, I, II, III, A. I. E. E. Trans., 

Peek, Jr., Dielectric Phenomena in High-Voltage Engineering, 
Chaps. Ill and IV. 
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The rupturing energy is small. For very small wires, where the 
field is quite irregular, the time lag becomes appreciable. 

For complete spark-over from wire to cylinder considerable 




Fig. 18—Spark-over Curves for Concentric Cylinders in Air— 
R = 3.81 s = 1.00 

energy must be expended in forming a cylinder of corona, when 
the field is such that corona precedes spark-over. The phe¬ 
nomena may be thought of roughly, as a succession of corona break 



Fig. 19—Sixty and Transient Corona Curves for Concentric 

Cylinders in Air 


downs. The condenser charging current flows through the 
gradually forming corona. With a wire in a cylinder, corona 
R 

cannot form when — < e. 7 The first evidence of stress is 
r 

7* F. W. Peek, Jr.,—Law of Corona II,—A. I. E. E. Trans., 1913. 
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spark-over. Thus, there should be considerable lag when 

— > e or for small wires, and the impulse spark-over voltage 
r 

should be higher than the 60 ~ spark-over voltage. Data m 



Fig. 20—Corona Gradient Curves for Concentric Cylinders 
R = 3.81 s = 1-00 

Table VI and Figs. 18 and 19 show this to be the case. The 
exception is for very small wires when the 60 ~ spark-over volt¬ 
age becomes quite high. This is due to the grading effect of 
corona on the wire enclosed in a cylinder. 7 There is, naturally, 
no such effect on a single impulse. 



p IG _ 21 —Average Impulse Ratio of Corona on Wires- 


1.00 


The spark-over voltages in Table VI correspond to one spark- 
over in ten impulses. There is very little difference in the volt¬ 
age for one discharge in a hundred applied impulses and one in 
ten; for ten discharges in ten impulses a considerable increase in 
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voltage is required above that for one discharge in ten impulses 
for some electrodes. This is especially so with dissimilar elec¬ 
trodes as the difference in spark-over when the wire is + and — 
then increases this effect. The range for various gaps is given in 
Table VIII. 

In Table IX are spark voltages (1/10) for the wire, positive 
and negative. Spark-over takes place at a lower voltage when 


TABLE VIII. 

VARIATION IN SPARK DISTANCE WITH CHANGE IN RATIO OF NUMBER OF 
SPARK-OVERS TO NUMBER OF APPLIED IMPULSES 


500-Kilocycle Impulse Sine Wave. e/E =0.43 = K 


Single half 
cycle applied 
impulse kv. 

Impulse gap 

Ratio No. 
of spark-overs 
to No. of ap¬ 
plied impulses. 

‘ Max. 
Variation 
in 60 ~ 
kv. setting, 
between 

1/10 and 10/10 

Spacing 

cm. 

Corresponding 
60 ~ kv. 

20 

0.80 

25-cm. sphere gap 
20.0 

1/10 

2% 

20 

0.75 

19.5 

10/10 


40 

1.80 

40.0 

1/10 

1% 

40 

1.75 

39.5 

10/10 


80 

4.10 

80.0 

1/10 

1% 

80 

• 4.00 

79.0 

10/10 


20 

1.17 

2/0 needle gap. 

j 

10.5 

10/10 


20 

* 1.35 * 

12.0 

10/20 

22 %* 

20 

1.60 

13.5 

4/40 


40 

2.70 

22.0 

20/20 


40 

3.00 

24.0 

10/20 

14.7% 

40 

3.30 

25.8 

2/20 


80 

5.40 

37.0 

20/20 


80 

5.80 

38.5 

10/20 

8.7% 

80 

6.25 

40.5 

2/20 



^Difference decreasing with increasing spacing. 


the wire is positive. The impulses used in this test were ob¬ 
tained by placing a point and plate at gap A. The generator 
was connected for 500 kc., but a good impulse was not obtained 
as there was somewhat of an oscillation; the general characteris¬ 
tics of the + and discharge are shown, however. The spark- 
over voltages given in Table VI are the minimum ones, and are, 
therefore, for the case when the vfare is positive. 
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In appearance, the + and - corona of transients seems to be 
simil ar to that at 60 The impulse positive visual corona 

from points extends out farther than the negative m the same 


TABLE VIII.— Continued 
CONCENTRIC CYLINDERS. 


R = 3.81 cms. ^ 
500-Kilocycle Impulse Sine Wave. 


-1- 

------- r - 

Ratio of No. spark- | 

Max. variation in 

Wire radius | 

r cm. | 

Impulse kv. 

(max.) 

overs to No. of ap¬ 
plied impulses. 

spark-over kv. bet. 

1/10 and 10/10 

0.0318 

67.0 

83.0 

2/20 

10/20 

32% 


99.0 

20/20 


0.128 

63.5 

79.0 

2.20 

10/20 

30% 


90.5 

20/20 


0.239 

63.0 

75.0 

1/10 

10/20 

26% 


85.3* 

20/20 


0.635 

61.0 

65.0 

2/20 

10/20 

16% 


73.0 

19/20 


1.27 

56.0 

58.2 

2/20 

10/20 

7% 


60.3 

20/20 


1.59 

54.0 

55.7 

2/20 

10/20 

4.5% 


56.5 

20/20 



900 Kilocycles 

Impulse Sine Wave 


0.239 

105.0 

1/10 


0.635 

82.0 

95.0 

4/40 

10/20 

20% 


102.0 

20/20 


1.27 

55.9 

59.2 

• 2/20 

10/20 

11% 


62.6 

20/20 


1.59 

54.3 

57.6 

2/20 

10/20 

10% 


61.0 

25/25 



manner that it does at 60 ~. This is of great interest; it means 
that with transients, as with steadily applied voltages, a consider¬ 
able part of the air around points must be brought up to ionic 
saturation, or brushes must form, before spark-over can result. 
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Initial Ionization 

It was expected that the degree of initial ionization in the 
vicinity of the electrodes would have a considerable effect upon 
the spark-over voltage. This was not found to be the case for 
electrodes in general. The reason was apparent after the corona 
tests were considered. Take, for instance, a small wire in a 
cylinder. Corona must form before spark-over can take place. 
It has been shown that the voltage rise above the continuously 
applied for the first appearance of corona on impulses is small. 

TABLE IX. 

POSITIVE and NEGATIVE SPARK-OVER. 

(Dissimilar Electrodes.) 


Wire in Cylinder. R = 3.81 cm. 



Voltage kv. 


Radius 

— 


Per cent 

cm. 

wire 

difference 





1.27 

57 

57 

0 

0.187 

51 

58.5 

15 

0.0318 

49.8 

60.6 

22 


Point and Plate. 

Spacing cm. 

+ 

when point is 

5.15 

3.05 


Approx. 500-kilocycle wave. 


The time lag of the first appearance of corona is thus small com¬ 
pared to the time lag of the final spark discharges. The start 
of corona supplies greater “ initial ionization ” for the final spark 
than can generally be supplied externally by the action of ultra¬ 
violet light, X-ray, etc. Such external means undoubtedly 
decrease the time for the first appearance of corona. This time 
is, however, generally too small to be detected, except for instance, 
in the case of very small wires. The spark-over in more or 
less uniform fields, as those around spheres, is probably affected 
by initial ionization but the total spark lag is so small that it is 
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.. ffipillt to measure It is probable that the effect of “ initial 
Nation ” can be detected if the voltage is applied very grade- 

Muucedllre the molecular spacmg becomes^ 

oared to the electrode spacing (at low density). F _ 

condition, the effect may be considerable as the 

tion supplied may approach ionic saturation. 

ions appearing between the electrodes is also greater with large 

initial ionization. /<?_... witVi red hot 

Steep wave front impulse tests were made (5 - D with red h 

wire loop electrodes, points and small spheres upon which ultra¬ 
violet light was directed, small spheres m a tube connec e o an 
, g from which 60 ~ brush discharge took place, 

tlese^ons means of ionization. One striking test may be 
made ly setting a point gap at a given voltage and causing an 
oscillation to play continuously across it. If a sphere gap set at 
thetme 6^ voltage as the point gap, or even at a higher vo t- 
aee is suddenly placed in multiple with the point gap, the dis- 
chame ^Ueave the point and take place across the sphere 
gap, although the point was previously ionized by the spar 

discharge. 

Effect of Air Density on Transient Corona and 
Spark-Over 

The transient corona and spark-over voltages decrease with 

decieasing^S density (from 8 - 1.00 to S - 0.05)=. — tie 
decreas g 9 22 shows the variation of 60 ~ 

corona'and impulse corona (900 kc. and 100 kc.) with air density. 
A small wire is used for illustration as otherwise the curves 
praoticajly fall together. It is probable that the apparent m- 


8. 


5 = 


3.92 i 

273 +1 


where b = barometric pressure in cm. 

5 „ £. « - «— 
and 25 deg. cent. 

Tllmlthod of test ». to of Corea, HI. F. W. Peek. Jr., T„»s. 
A. I. E. E., 1913. 
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F IG . 22 —Variation of Visual Critical Corona Voltage with Air 
Density—Wire Radius = 0.0573 cm. 


TABLE X. 

EFFECT OF AIR DENSITY ON TRANSIENT CORONA AND SPARK-OVER 
Concentric Cylinders 1 


Outer cylinder radius, R = 3.08. Inner cylinder, r - 0 0573 cm. 


Corona 

Spark-over 










Single 

Meas 

Cal. 








half 

60 ~ 

60 ~ 

Impulse 

Impulse 


60 ~ 

Impulse 

Impulse 


sine 

kv. 

kv. 

kv. 

ratio 

S 

kv. 

kv. 

ratio 

6 

freq. 

max. 

max. 

max. 



max. 

max. 



kilo¬ 

cycles. 

’ 2.8 

2.75 

3.5 

1.27 

0.064 


10.7 


0.064 

100 

4.8 

4.80 

5.5 

1.15 

0.160 

7.0 

13.0 

1.86 

0.160 

U 

6.0 

5.95 

6.65 

1.13 

0.248 

9.3 

15.5 

1.67 

0.248 

a 

7.6 

7.57 

8.4 

1.10 

0.330 

11.0 

17.5 

1.59 

0.330 

u 

11.6 

11.60 

12.7 

1.09 

0.630 

16.6 

27.3 

1.65 

0.630 

a 

14.4 

14.40 

15.5 

1.07 

0.847 

20.2 

30.2 

1.50 

0.847 

a 

16.2 

16.20 

17.2 

1.06 

1.00 

22.5 

31.9 

1.42 

1.000 

a 

2.6 

2.58 

4.0 

1.55 

0.051 


28.5 


0.040 

900 

4.8 

4.86 

6.5 

1.34 

0.166 

5.0 

31.0 

6.2 

0.085 

u 

7.6 

7.60 

10.1 

1.32 

0.333 

7.5 

37.0 

4.94 

0.173 

u 

9.5 

9.50 

12.1 

1.28 

0.465 

13.3 

47.0 

3.54 

0.440 

u 

13.5 

13.30 

16.3 

1.23 

0.765 

15.8 

53.0 

3.35 

0.590 

u 

16.2 

16.20 

20.0 

1.23 

1.00 

18.8 

60.0 

3.19 

0.765 

a 






22.5 

67.5 

3.00 

1.00 

« 


X. Tests made in a metal-lined glass tube. 
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crease in the strength of air for transients may be taken care of 
in the law for the visual gradient as follows. 

0.308 


= go 5 + 


4 > (« 


) 


( 12 ) 


V 8 r (f> (a) 

v. here a is the steepness of the impulse. The impulse ratio in- 
creases with decreasing air density. ee a e 

TABLE X —Con inued __ t _ 


Corona 


Meas. 
60 ~ 
kv. 
max. 



- 

Impulse 

Cal. 

Impulse 2 

ratio 

60 ~ 

kv. 

mea¬ 

kv. max. 

max. 

sured 

m v = .94 


values. 


Spark-over. 


60 ~ 
max. 
meas. 


Impulse 

kv. 


Impulse 

ratio 

meas. 

values. 


Single 

half 

sine 

kilo¬ 

cycles. 


Out cylinder radius, R 


3.08 cm. Inner cylinder, r - 0.635 cm. 


7.3 
13.0 
15 0 
17.0 
24.0 
29.0 
34.5 
39.0 


3.5 
9.0 
14.0 
21.2 
26.2 
32.0 
39.0 


7.7 

13.0 

15.3 

16.5 

23.5 
29.0 

35.5 

40.3 


3.9 

9.8 

14.1 

21.2 
26 3 

32.2 

40.3 


8.5 

14.9 
16.6 
18.3 

24.5 

25.9 

34.5 

40.5 


1.16 
1.14 
1.11 
1 .OS 
1.02 
1.00 
1.00 
1.03 


O.uo 

0.127 

7.3 

8.5 

0.253 

13.0 

14.9 

0.309 

15.0 

16.6 

0.350 

17.0 

18.3 

0.535 

24.0 

24.5 

0.702 

29.0 

28.9 

0.863 

34.5 

34.5 

1.002 

39.0 

40.5 


1.16 

1.14 

1.11 

1.08 

1.02 

1.00 

1.00 

1.03 


0.127 

0.253 

0.309 

0.350 

0.535 

0.702 

0.863 

1.002 


100 


inder radius, R — 

3.08 cm. Inne 

i 1 

r Cylinde 

r, r = 0 

8.6 

2.46 

0.049 

3.5 

20.3 

5.80 

11.9 

1.31 

0.165 

9.0 

25.0 

2.78 

17.3 

1.23 

0.280 

14.0 

30.5 

2.18 

22 5 

1.07 

0.462 

21.3 

37 6 

1.77 

2S.0 

1.06 

0.604 

26.0 

43.5 

1.67 

35.6 

1.01 

0.773 

32.0 

48.5 

1.52 

40.2 

1.00 

1.00 

39.0 

52.5 

1.34 


= 0.035 cm. 


0.049 

0.165 

0.2801 

0.462 

0.604 

0.773 

1.00 


900 


2. Corona and spark-over practically coincident. 

3.92 b 


— Relative air density. 


5 = 


273 + t 

The 60 ~ and impulse spark-oner voltages for a wire in a cylin- 
der are shown in Fig. 23. The data are given m Table X. me 
impulse ratio for spark-over increases with decreasing pressure^ 
Spark-over-air density data for needle gaps are given m Table 
XI P It is difficult to get consistent-results with needle gaps 
enclosed in a tube on account of the corona before spark-over. 
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Spark-over vs. air density curves for sphere gaps are given in 
Figs. 24 and 25. The impulse curves follow closely the 60 ~ 
curves. The impulse ratio is very nearly unity over a great 
range of 5. Spheres, therefore, within the limit prescribed for 


Fig. 23- 



Variation of Spark-over with Air Density; Wire in Cylin 
ders. R = 3.08 cm.; r = 0.0573 cm. 


effect of air density o^Ssient spark-over between 

NEEDLES. 1 ___ 


Spacing cm. 


5 cm. 


3 cm. 


1.00 

0.85 

0.74 

0.66 

0.50 

0.38 

0.27 

p .16 

0.05 

0.16 

0.44 

0.64 

0.74 

0.79 

1.00 


Impulse kv. 
max. 


102.0 

99.0 

94.5 
90.0 

77.5 

64.2 

48.7 

33.8 

14.2 

15.8 

35.7 

43.7 
48.0 
50.0 
54.0 


60 ~ kv. 
max. 


54.0 

53.5 
53.0 

52.5 
51.0 
49.2 
48.0 
45.0 


22.2 

30.5 

32.5 

33.5 
33.8 
34.0 


Impulse 1 

ratio 


1.89 

1.85 

1.78 

1.72 

1.52 

1.31 

1.01 

0.76 


0.71 

1.17 

1.34 

1.43 

1.48 

1.58 


Single half sine 
kilocycles 


500 


500 


the enclosing walls of the glass cylinder. For this reason 

testing may be used to measure transient 
a and 5 range without corre ction to the 60 __- _ 

10. For method of obtaining ^ y Peek, Jr., 

on the Spark-over of Leads, Insulators and Bushings. 

A. I. E. E.jTrans., 1914. 
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probable that the expression for apparent strength of air around 
spheres should be modified for transient voltages as follows. 

<--( 1 + « g)* w (13) 



Spacing = 1.27 cm. 


4> (a) has, however, no appreciable effect over the practical 

testing range. _ . 

The variation of the spark-over voltage of insulators with air 
density is shown in Figs. 26, 27 and 28. For a smooth insulator 



p IG 25 —Sixty-Cycle and Impulse Arc-over at Low Air Densities 
12.5-cm. Spheres— Gap = 7.6 cm. 

(Fig. 26) the impulse ratio is very nearly unity and does not 
change over the practical range. For insulators with petticoats 
and corrugations, the impulse ratio is high and increases with 
decreasing air density. 
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From a consideration of the above data it is seen that the 
transient spark-over impulse ratio does not change greatly with 
air density, where the field is fairly uniform so that corona does 
not precede spark-over. Where the field is such that it is neces- 
sary for corona to form in the path of the arc, the impulse ratio 



F IG . 26—Sixty-Cycle and Impulse Arc-over at Low Air Densities 

becomes considerably higher at low air densities than it is. at 
high air densities. The corona impulse ratio increases with 
decreasing air density; for large wires it is only appreciable for 
small values of 5; it may be considerable for small wires. The 
difference between the 60 ^ and impulse spark-over and corona 



p IGi 27_ Sixty-Cycle and Impulse Arc-over at Low Air Densities 

voltages always increases with decreasing time of application. 

The density tests shown in Figs. 22, 23 and 24, were made in 
glass tubes. The tubes were u aired out 3 after each test. 
It did not, however, seem to make any considerable difference 
whether or not this was done. At lower air densities this may 
make considerable difference, as the initial ionization may then 
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become a large percentage of ionic saturation. The chance of 
ions getting between the electrodes also depends upon the initial 
ionization. The tests shown in Figs. 25, 26, 27 and 28 were 
made in a large wooden cask. 

Impulse Surface Spark-over:—Impulse Spark-over of 
Insulators 

If a dielectric, such as glass or porcelain, is placed between 
electrodes, arcs due to impulse voltages generally follow the 
surface. For smooth dielectrics the impulse ratio is nearly 
unity, even when the surface is fairly long and the fields not uni¬ 
form. This is illustrated in a practical way in Fig. 26. 

Where the surface has corrugations, petticoats, etc., the arc, 
generally, still follows the surface. The impulse ratio is, how¬ 



ever, higher, that is, greater time is required to cause spark over. 
See Figs. 27 and 28. For the insulator shown in Fig. 28 the 
im pulse ratio at 5 = 1 (sea level) is 1.44. The 60 ~ spark-over 
voltage is 100 kv.; the impulse spark-over voltage is 144 kv. 
At 5 = 0.8 (6000 ft. elevation) the impulse ratio is 1.75. 

The time of spark increases when the field is such that corona 
must form in the path of the arc and when the length of surface 
is increased by corrugation. 

As would be expected, the spark-over voltage of a given insu¬ 
lator varies with the polarity of the cap or pin. The test made 
on a.pin type insulator and given in Table XII illustrates this. 

Note that the 1/10 spark-over voltage corresponds to the ( + ) 
spark-over, and the 10/10 to the (—) spark-over. This would be 
expected. Impulse spark-over generally takes place at the 
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lowest voltage, or in the shortest time, when the electrode 
which is surrounded by the densest field is (+). In the above 
case, the porcelain is subjected to greater stress when the cap 
is ( —) - 


TABLE XII. 

EFFECT OF POLARITY ON INSULATOR SPARK-OVERS. 
200 kc. 


60 ~ 

spark-over kv. 
max. 

Impulse spark-over kv. 
varying polarity 
max. 

Impulse spark-over kv. 
predetermined polarity, 
max. 

98 

1 spark over in 
10 impulses 

108 

Cap + 

108 

Cap ~ 

130 


10 spark overs in 
10 impulses 

134 




When a surface is placed between electrodes in a uniform field, 
or along a line of force, the 60 ~ spark-over voltage is lowered 
by true surface leakage. This is not generally the case with 
im p uls e voltages. The impulse spark-over voltage of an insula¬ 
tor is often not greatly changed by rain, although the wet 60 ~ 



spark-over voltage may be 60 per cent of the dry spark-over 
voltage. See Table XIII. 

Small Spacings or Air Films 

At spacings smaller than the energy distance the apparent 
strength of air increases. For sphere gaps this apparent increase 
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in the strength of air starts when the spacing is less than 0.54 
y/R cm. 11 The apparent strength of air at small spacings also 
increases for transient voltages; the increase, however, seems to 
be at a greater rate, as shown in Fig. 29, by the more rapid rise 
in the gradient with decreasing spacing. Data are given m Table 
XIV. The apparent strengths at 60 and for impulses are 
represented by the corresponding tabulated gradients. These 
are the maximum gradients at the surface of the spheres. 
The impulse ratio is also tabulated. The low impulse voltages 
were obtained by connecting the gap across only part of the 
resistance. The results should be fairly accurate. 



Fig. 29—Strength of Air Films— Between 6.25 cm. Diameter 

Spheres; s = 1 

EFFECT OF TRANSIENT VOLTAGES ON OIL 
It has been shown that for continuously applied voltages the 
mechanism of break-down in oil is very similar to that of air, 
and similar laws are obey ed.” Greater energy is required, how- 

11. F. W. Peek, Jr.,—Law of Corona III., A. I. E. E. Trans., 1913. 

12. F. W. Peek, Jr.,— High Voltage Engineering, Journal, Franklin 

Institute —December, 1914. . TT „ . 

F. W. Peek, Jr.,—“ Dielectric Phenomena m High Voltage Engineer¬ 
ing ” Chapter 6, page 163. n » 

F. W. Peek, Jr.,—Law of Spark-over and Corona m Oil. General 

Electric Review —August, 1915. 
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ever, to rupture oil than air. There should, therefore, be a 
comparatively greater difference between the continuously 
applied and impulse voltages, that is, the impulse ratios should 
be higher than for air. 

Impulse Ratios in Oil 

In Table XV are 60 ~ and impulse spark-over voltages for 
disks, needles and spheres. In part of these tests the wave was 
only approximately known; on account of the high voltages 
necessary it was outside of the limits of the apparatus. It was 


TABLE XIV. 

TRANSIENT SPARK-OVER VOLTAGES AT SMALL SPACINGS. 
(Between 6.25 cm. diameter spheres. 5 = 1.) 



60 ~ 

100 kc. impulse 


Spark-over 




Spacing 

Volts 

Gradient 


Gradient 


cm. 

max. 

max. 

Volts. 

kv. per 

Impulse 


kv. 

kv.per cm. 

kv. 

cm. 

ratio 

0.0025 . 

0.50 

196 

0.78 

305.0 

1.57 

0.0051 

0.73 

143 

1.23 

242.0 

1.69 

0.0076 

0.90 

118 

1.70 

212.0 

1.80 

0.0102 

1.07 

105 

2.11 

207.0 

1.98 

0.0127 

1.17 

92 

2.44 

192.0 

2.08 

0.025 

1.52 

60 

4.50 

178.0 

2.95 

0.051 

2.62 

52 

6.15 

122.0 

2.35 

0.102 

4.62 

46 

8.75 

87.0 

1.90 

0.25 

9.77 

40 

14.90 

61.0 

1.52 

0.51 

17.50 

36 

22.50 

46.0 

1.28 

1.27 

39.20 

35 

42.00 

37.0 

1.06 

1.90 

57.50 

35 

57.50 

35.0 

1.00 

2.54 

88.50 

35 

88.50 

35.0 

1.00 


900 kc. impulse 


Volts 

kv. 


Gradient 
kv. per 
cm. 


0.81 

1.10 

1.78 

2.18 

2.55 

5.00 

8.50 

12.80 

21.50 

28.50 
47.00 

62.50 
90.00 


325.0 
216.0 
235 0 
215.0 
200.0 
198.0 
168.0 
126.0 
84.1 
56.0 
37.0 
36.0 
35.0 


Impulse 

ratio 


1.64 

1.51 

1.98 

2.04 

2.18 

3.04 

3.25 

2.77 

2.20 

1.63 

1.20 

1.09 

1.02 


Accuracy of impulse voltages best above 5 kv. 


approximately equivalent to a half cycle of a 230-kc. wave. 
Between disks 0.5 cm. apart the impulse ratio is 3, whereas in 
air it is very nearly unity for the same spacing. Between needles 
at 4-cm. spacing, the impulse ratio is 3. For the same spacing 
and same impulse in air it is 1.25, that is, the voltage rise in oil 
is 200 per cent, in air 25 per cent. It will be noted that there 
is a considerable increase in voltage, or a high impulse ratio, for 
spheres. For sphere gaps in air_the impulse ratio increases when 
the spacing is less than 0.54 \f,R cm.; the increase is quite rapid 
when the spacing is less than 0.27 Vx cm. In oil the “ energy 
distance ” or rupturing distance is 2 VR cm. A considerable 
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increase should, therefore, be expected in oil when the spacing 
is limited to less than 4 Vi? cm. as was the case in this test. 
It is probable that the impulse ratio is quite appreciable for 


TABLE XV. 

IMPULSE AND 60 ~ BREAKDOWN VOLTAGES IN OIL. 


Spacing 

cm. 

60 ~ 
kv. max. 

Impulse 
kv. max. 

Impulse 
ratio oil 

Impulse ratio 
same spacing 
in air. 

/■ 



Between disks 

2.5 cm. diame 

;er 


0.5 

56.6 

170 l 

3.00 

i Approx. 230 kc. 



Between Needles. 



1 

50 

103 

2.00 

•• 


2 

69 

157 

2.20 

1.20 

Approx. 230 kc. 

3 

89 

233 

2.60 

1.21 


4 

108 

321 

3.00 

1.25 



2.54-cm. Spheres—Small Spacings. 




Spacing less than 4 V R .) 



0.25 

70 

160 

2.30 



0.50 

100 

245 

2.45 


Approx. 230 kc. 

0.70 

115 

270 

2.35 



1.00 

140 

285 

2.05 




TABLE XV —Continued 

IMPULSE AND 60 ~ BREAKDOWN VOLTAGES IN OIL. 


Between 2/0 Needles. 


Needle 
spacing cm. 

60 ~ spark-over 
kv. (max.) 

Impulse 

kv. 

Impulse 

ratio 

f 

0.32 

28.0 

36.5 

1.30 

100 kc. 

0.64 

40.0 

70.0 

1.75 

(single half sine 

1.27 

63.0 

128.5 

2.04 

wave.) • 

1.70 

74.0 

175.0 

2.37 


2,00 

81.0 




3.00 

104.0 




0.20 

20.0 

36.0 

1.80 

500 kc. 

0.32 

28.0 

64.0 

2.30 

(single 

0.42 

31.5 

92.0 

2.92 

half sine 

0.56 

37.0 

121.5 

3.29 

(wave.) 


sphere gaps in oil even when the spacing is not limited. 
Results are also given, at somewhat lower voltages, where the 
waves are accurately known. See Fig. 30. Higher breakdown 
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voltages for impulses result partly because moisture particles 
do not have time to line up. 

Comparison of the Effects of High Frequency, 60 ~ 
and Impulse Voltages 

It is interesting to compare the effect on oil for continuously 
applied voltage (60' —'),high frequency volt age from an alternator, 
high-frequency oscillatory voltages, and single impulse voltages. 
Such a comparison is given in Table XVI. These data show how 
necessary it is to state the kind of “ high frequency. 5 ’ There is 
not a great difference in the breakdown voltage for the single 



Fig. 30— Transient Spark-over of 2/0 Needles in No. 6 Transil 
Oil; Temperature 25 Deg. Cent. 

impulse, and for the damped oscillation with wave trains follow¬ 
ing one another at the rate of 120 per second. The breakdown 
voltage for continuously applied high frequency from an alter¬ 
nator is much lower than the 60 ~ breakdown voltage. Here the 
effect of each half-cycle is cumulative, and there is great local 
heating. 

EFFECT OF TRANSIENT VOLTAGES ON SOLID INSULATION 
Strength vs. Time of Application 
In air and oil there is very little loss for continuously applied 
direct current or 60 ^ alternating current, until the gradient 
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is somewhere hiyh enough to cause a local breakdown in the 
form of corona or brushes. As healing due to losses is not an 
important factor the ft! ^ unax,..) and rhe, breakdown voltages 
are practically the same, ion* air. even at fairly hiyh frequencies., 
tile breakdown voltage is not. appreciably ehanyed if the elec- 
t.rudes are smooth. 1:1 There is. appreciable loss in solid insulation 
as soon as volt aye- is applied. Ilratiny decreases the dielectric 
strength. A considerable part of the re/to ye-hmc curve is thus 
Ureal!y affected by healine, especially at hiyh frequency. 

The data in Table XVI1 yive an example of a voltage dime 
curve, See Fiy. 31. The values freon 11 infinite time to l 1UU 
second were obtained at t»0 ^ . The data for the smaller values 
of time were obtained by impulse. It is probable that heatiny 


TAHUK XVI 

uompakatiyk % sTHKN*eni oe om mm meat vhmjvkxvw ivmrnsip 

c }Si 'IM.AT* *U V, AN! t «**-« "V f' !,!•; Vi tl.TAC.UK 
tiil l,#rtwrrit ft*l *ltr»fc frnmn^K. a*e!»*»»■ rdjgr*. V.U on A*;»mrlrt 
*ti4.; **w> »■*»!. \pw-r t 
■ vf’A’V? O;, ;»S;0;*r-, 


tlO t V prt i'»l 

HMV 


S;;.:ldr '^sr 

»• ro* % »U it V 

prt »|H.. Him*. 


I e*Sr J-r •? 1 SI .* % 

O.«:■!, llr.iV.r.', V 1 SM 

j-.rj ■.? <! J';r 

VS'.--*, yd** 
JO*, er*- oo its**. 


in,a-u S T^^- s ,vv . 
?r.*v,.»e t SM V4- 
t.y» Ir i». 

hv i rt citt p m i 


1 Tt't 


ana n* 


is not an appreeiable factor for values of time less than lit! seconds, 
on the ft! test. 

The general law ’-14- is followed by all solid insulations for 
Urns frequency sine wave volt ayes and tune of application from 
m time to about 1 100 of a second, 'When vullayes are ap¬ 
plied for shorter time, bv impulse, the apparent strength does 
not inrrease as rapidIv with deereuMtiy time, as equation * 14 1 
and Fiy. 3! indicate, The small time limit depends upon the 
insulation. This seems to be due to the shatteriuy effect of 
hiyh over volt ayes. When very Idyll impulse volt ayes are 
applied, for instance, to pnrcclum tubes, these tubes mav be 
completely shattered ha (nation f 14. ! is, however, useful in 
desiyn at low frequencies over the above ranyr. It. should be 

IT lost a tiiof-f' eotitjifrle *le.» ’ij'-r, | ; S W tVrk, ,jf\» t Iirtcrill*- 

lUienmuiuii* m lliyh V*4n*yr Knymr^on^, t‘lmftiri» Iff IV, VI and VII. 
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noted that T in seconds times frequency is a count of the num¬ 
ber of cycles that the voltage is applied. 

g = g s ^ i + kv * per cm * max * muTn - (wo 

Where g — rupturing gradient. 

g s = constant for the insulation = breakdown gradient 
for oo time. 

a — constant of insulation. 

T = time in micro-seconds. 

Both g s and a vary with the material, thickness tem¬ 
perature, etc . 14 

TABLE XVII. 

STRENGTH vs. TIME OF APPLICATION. 


Time 

sec. 

Micro-seconds 

Maximum 
kilovolt puncture. 

Maximum 

Sv kv. per cm. 

X 

X 

32.8 

155 

60 

60 000 000 

37.5 

180 

1. 

1 000 000 1 

49.3 

235 

0.1 

100 000 

61.0 

290 

0.01 

10 000 

85.0 

405 

0.001 

1 000 

113.0 

540 

0.0001 

100 

196* 

935* 

0.00001 

10 

310* 

1480* 


14 layers of impregnated paper between concentric cylinders. R =0.67 cm., 
0.36 cm. 


^Calculated. 


For the insulation given in Table XVII, 
g* = 155 
a = 15.8 

Effect of Transient, High-Frequency and 60-Cycle 

Voltages 

There is a greater difference in the breakdown voltages of 
solid insulations under different conditions, than for oil and air. 
This is so because of the high losses, etc., in solid insulation . 15 

14. For a more complete discussion see, F. W, Peek, Jr.,— 41 Dielectric 
Phenomena in High Voltage Engineering.” Chapter VII. 

15. ibid. 
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This difference is illustrated in Table XVIII. The impulse 
ratio for solid insulations seems to be of the same order as for 
oil, but in general slightly higher. The “ one-minute ” 60 ~ 
test is used to obtain the impulse ratios in Table XVIII. The 
importance of specifying the sort of “high frequency 75 and meth¬ 
od in making tests is obvious. 

Cumulative Effect of Over-Voltages of Steep Wave Front 
If impulse voltages higher than the continuously applied break¬ 
down voltages are applied to oil and air, local ruptures which do 



TIME MICRO-SECONDS 

6 

cq 4 

CO 

#2 
0 

Fig. 31—Puncture Voltage vs. Time 

14 layers of impregnated paper between concentric cylinders. R — 0.67 cm.; r = 0.36 cm. 

not result in breakdown may take place. The local breakdown 
is automatically repaired by an inflow of new oil or air; the effects 
of the impulses are not cumulative unless they follow one another 
in succession at a very rapid rate, as high frequency from an al¬ 
ternator, or oscillations with high wave train frequency. 

Voltages greatly in excess of the 60 ~ puncture voltage may 
also be applied to solid insulation without complete rupture if 
the time of application is of sufficiently short duration. Such 
voltages injure the insulation by local shattering, cracking or 
tearing. Each additional impulse adds to this. For a very 



.logo TIME micro-seconds 
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high over-voltage such materials as porcelain may be badly 
shattered by a single impulse. A sufficient number will cause 
breakdown; the effect is cumulative even if the time intervals 


TABLE XVIII. 

COMPARATIVE INSULATION STRENGTH FOR HIGH-FREQUENCY, IMPULSE; 
OSCILLATION AND 60-CYCLE VOLTAGES. 

Temperature 30 deg. cent. 


60 cycles. 

High frequency 
(alternator) 
90,000 cycles. 

Damped oscilla¬ 
tion. Train freq. 
120 sec. 
200,000 cycles. 

Single impulse 
sine shape, cor¬ 
responding to 
half cycle of 
200,000 cy. 

Imp. 

ratio 

Thick 

ness 

cm. 

Lay¬ 

ers. 

kv. per cm. 

kv. per cm. 

kv. per cm. 

kv. per cm. 




(max.) 

(max.) 

(max.) 

(max.) 




Rapid- 


Rapidly 


Rapidly 






ly ap- 

1 min. 

applied. 

1 min. 

applied 

1 min. 





plied. 












Transil Oil between Flat Terminals—Square Edge. 






2.5 cm. diameter—0.25 cm. space. 




170 


67. 


300 


390 

2.10 

0.25 

1 





Oiled Pressboard. 






10 cm. diameter Square Edge Disks in Oil. 




355.0 

310. 

95.0 

72.0 

370. 

290. 

720 

2.3 

0.25 

1 

395.0 

370. 

61.0 

41.0 

420. 

240. 



, 0.50 

2 



25.0 

17.60 





1.50 

3 

! 





Varnished Cloth. 






10 cm. diameter Square Edge Disks in Oil. 




530. 1 

465.0 

195.0 

176.0 

.. 


1080. 

2.26 

0.06 

2 

420. 

310.0 

135.0 

100.0 

550 

560 

780. 

2.50 

0.15 

5 

420. 

310.0 

100.0 

73.0 

490 

410 

700. 

2.25 

0.25 

8 

330. 

275.0 



410 

305 

600. 

2.20 

0.36 

12 


‘‘Rapidly applied ” voltage brought*to puncture value in a few seconds. 


between applications are very great. For continuously ap¬ 
plied high frequency or high train frequency, the high loss 
masks all other effects and causes low-voltage breakdown. 
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One example of the eumulative tiled *4 impulse- wur Tup * inn- 
intervals between applications is divert in Tahir .XIX, h * nr 
impulses are of still shorter duration a prenmr number sea r< 
quired to cause break-down at a piviij v* 4 lap*-. 1 mmaM*a.■ 
and line insulators an* often gradually destroyed in ‘he v>,.,v. 


rama: xi>: 

OUMULATIVK MFFMOT OF uVHK VmU..\.,! s t*|- AV, 

VOLTA* WS UN SOU j) I Mil-TAT!^ S 
(Oito! ti.HU nil. Ihii'k !<rf w-rrn n*r*lU j-T-er *. *:»•.«• ••*■ 

j Kv, oumnium ♦"«! Smuhn e > 

ii|.*l+iie»T impitlw, f 4 r itfc T>-» «. 


IMti 

m 

lT»JU?Uy «»|l|4ir>t f(S r r T A v; ;V >'.»» 


tm 

bW 

i:m 

i& ik't 

l«5 


!«impuHe Gtett§f*$i»t 


If a very hiph volt a pi* is applied, i"» »i ins! am *■, o> be* b „ 
tor the number of applirati*»ns lo cause breakdown will A*. : 
upon the nature of the spark over path throupb tie- .or, .on! Urn 
shapes of the raps ami pin, To imitate this place a pru-ui *4 
pressbonrd between flat disks anti find the imsobrr i.A hqduvMtmpr 

impulses to run.se punHuir when ihr 
electrodes are shunted ( < t ^ by a n*:rdt* r 
air pap, 1.21 by a sphere air pop, s«u at 
the same till «*» v*4tapes. Her | ; ip 42 
These data show in .a strtkuip w,ry the 
relatively small lap *4 fin* sphere When 
the eltairmles were shunted by a sphere, 
break down did not take plarr an Hi S'I 
applications; when shunted In pmof■■ 
with the same till ««*■ .sritinp as the 
spheres, breakdown orcniTrd «*n a unph- 
application. 




M M 


n _, j. L~~, 


lh»«i Cl## 

Fin, 42 


Hi PM K PRACTICAL lid , t* s t HA TP » \ • > 

In practise, Itphlninp often discharges across a lope ?.pa*-uip 
between busbars, line insulators., etc,, m pivimvm r m p,q»s win* h 
have a trmrh lower f*0 ^ seltinp. The reason n»r itus is n**w 
apparent. Ah an example, a flat busbar has a fill ^ M>,uk t»vrf 
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voltage of 100 kv., while a point gap, shunting it, has a 60 ~ 
spark-over voltage of 50 kv. If the 60 ~ voltage is gradually 
increased to 50 kv. a spark-over will take place across the points. 
If, however, lightning causes the voltage to increase along a 
wave equivalent to a single half-cycle of a 900-kc. wave with a 
120-kv. maximum voltage, spark-over will occur across the bus¬ 
bars. This can be seen by reference to Fig. 10 or by calculation 
from equation (8). The point gap impulse spark-over voltage, 
for a 60 ~ setting of 50 kv., is 127 kv. The field is approxi¬ 
mately uniform around the busbars, and the spark-over voltage 
remains at approximately 100 kv. The points must be subjected 
to the voltage during the time that it increases from 50 
kv., to 127 kv. The points are “ slow.’ 5 Thus, the 60 ~ spark- 
over voltage does not in general indicate the transient spark- 

table xx. 

CUMULATIVE EFFECT OF IMPULSES. 

Insulation between electrodes and shunted by gap, as in Fig. 32. Approx. 230 kc. impulse. 
Pressboard 0.32 cm. thick. 60 ~ puncture voltage 100 kv. max. Single impulse puncture 


voltage 140 kv. max. 


Shunt across 
electrodes. 

Impulse applied 
max. kv. 

60 ~ setting of 
shunt gap (max.) 

Number of impulses 
to puncture. 

No shunt.•. \ 

No spark-over./ 

Blunt points. 

350 

350 

350 

120 

120 

1 

1 

300 no puncture 

Spheres. 



over. Two gaps may be set at widely different 60 ~ voltages. 
A transient voltage high enough to spark over either gap will 
select the - one set at the highest voltage if that gap requires the 
least time under the circumstances. 

Lightning travels along a transmission line at the rate of 3 X10 8 
meters per second. Thus a wave one kilometer in length passes 
a given point in 3.3 X10 -6 seconds or in 3.3 micro-seconds. By 
referring to Fig. 12 it can be seen that a wave of the above length 
might easily pass by a needle gap before discharge could take 
place. An insulator similar to the one shown in Fig. 26 would 
readily spark over if the voltage were high enough. Corona would 
also form on the transmission line due to this wave and would 
help dissipate it to some extent. Damage might be done to line 
insulators as illustrated in-Tables XIX and XX. 

Various other practical applications of these data may be made. 








1915] 


PEEK: TRANSIENT VOLTAGES 


1907 


THE GENERAL LAWS OF BREAKDOWN OF DIELECTRICS 
BY TRANSIENT VOLTAGES 
Air and other Gaseous Dielectrics 

Energy is required to rupture dielectrics; this introduces a 
time lag". Thus, on account of this time lag, when voltage is 
applied at a very rapid rate, as by an impulse, spark-over does 
not occur when the continuously applied breakdown voltage is 
reached. The voltage “ overshoots ” this value during the time 
rupture is taking place. This excess, or rise, in voltage is greater 
the greater the rate of application. 

If the voltage between electrodes is increased very gradually, 
never appreciably exceeding the minimum breakdown voltage, 
a very long time may elapse before breakdown occurs. If the 
field is fairly uniform a slight change in the conditions as initial 
ionization, or very small increase in voltage, may reduce this 
time from “ infinite ” to small finite time. The rise in voltage 
is not generally measurable for continuously applied voltages and 
the lag is, therefore, not noticed. The energy to rupture and, 
therefore, the required voltage rise and time depend upon the 
nature of the dielectric, the dielectric field, the shape and spacing 
of the electrodes, initial ionization, the rate at which the voltage 
is applied, etc., as follows: (For formulas see text above.) 

1. If an impulse voltage rising at a given definite rate is applied 
between two electrodes spark-over will not take place when this 
voltage reaches the minimum continuously applied break-down 
voltage, but a finite time later. During this time the voltage 
has risen to some higher value before spark-over occurs. The 
ratio of the impulse spark-over voltage to the continuously ap¬ 
plied spark-over voltage is termed the “ impulse ratio the time 
interval between these voltages has been termed the “ lag.” 

2. For a given rate of increase of voltage the rise above the 
continuously applied and, therefore, the impulse ratio and lag, 
is greater, the greater the non-uniformity of the field around the 
electrodes. For greatly non-uniform fields corona must always 
form in a space around the electrodes before spark-over can take 
place; energy must be expended in ionizing this space before the 
spark starts. For uniform and fairly uniform fields spark-over 
takes place without preliminary corona formation. For elec¬ 
trodes in general, non-uniformity of the field increases with the 
spacing. Impulse ratio and lag, therefore, also increase with in¬ 
creasing spacing. In illustration of the above: for a given steep 
wave the lag of a needle gpp may be so great that double the 
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continuously applied voltage is reached before spark-over occurs; 
the lag of a sphere is comparatively so small that the rise in volt¬ 
age may be only one or two per cent. 

3. For a given gap the rise, or excess, in the impulse spark- 
over voltage above the continuously applied voltage increases 
with the rate of application of the voltage. For the steeper 
wave fronts the breakdown voltages are higher> but the time 
lag is less; less time is required to cause breakdown at the higher 
average voltages. If the impulse is not steep the voltage rise 
is not great, but the lag may be comparatively long. The lag 
and voltage rise for a given gap are thus not constant but are depend¬ 
ent upon the rate of application of voltage; breakdown is a matter 
of energy. If the rate of increase of voltage is great enough spark- 
over tends to be governed by linear spacing. 

4. Corona is essentially spark-over from a conductor to space 
through the energy distance. (0.3 vV cm. for wire.) The lag 
of corona for impulse is thus small for large wires and in the order 
of that of sphere spark-over; for small wires, on account of the 
great non-uniformity of the field, the corona lag becomes ap¬ 
preciable and apparent by a rise in the impulse critical voltage. 

5. Whether the degree of initial ionization in general measur¬ 
ably changes the rise in the impulse spark-over voltage over 
the continuously applied spark-over voltage for a given pair of 
electrodes seems to depend, to a great extent, upon whether 
the corona lag is measurable or apparent by a rise in voltage. 
Usually the corona lag is not measurable or appreciable com¬ 
pared to the lag of the final spark-over. Corona once formed 
supplies the initial “ ionization ” for the final spark. The effect 
of initial ionization is then generally not great, but may be so 
under certain conditions. 

6. Impulse spark-over and corona voltages decrease with de¬ 
creasing air desnity. The impulse ratio, however, increases 
with decreasing air density. It is probable that at very low 
air densities very high voltages are required to cause spark-over. 

7. For dissimilar electrodes impulse spark-over takes place 
at the lowest voltage when the electrode in the densest field 
is positive. Corona appears to start at the lowest voltage on 
a small wire when the wire is negative. For uniform and fairly 
uniform fields a difference between -j- and — rupturing volt¬ 
ages cannot be detected. 

8. When the spacing is less than the energy distance, 0.54 
cm. for spheres) the lag increases. 
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9. The lag for spark-over on smooth dielectric surfaces is 
very small, but becomes greater as corrugations are added. 
The transient spark-over voltage is less affected by true surface 
“ leakage ” than the 60 ~ spark-over voltage. 

Oil and Liquid Insulations 

The transient breakdown voltages for oil follow much the 
same laws given above for air. The energy and, therefore, the 
impulse ratio and lag are much larger for gaps in oil. The 
impulse ratio and lag are quite large for spheres. As the energy 
distance for spheres in oil is 4Vi?, considerable lag is caused m 
this way even at fairly large spacings. For formulas see text. 

Solid Dielectrics 

1. Solid dielectrics require energy, and therefore, finite time 
for breakdown as do oil and air. The impulse ratio is generally 
highest for solid dielectrics. 

2. The effect of over-voltages on solid insulations is cumula¬ 
tive. For formulas see text. 
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Discussion on “ The Effect of Transient Voltages on 
Dielectrics ” (Peek), San Francisco, Cal., Sept 16 
1915. 



J. C. Clark: Prof. Harris J. Ryan has recently performed 
an experiment which, in a qualitative way, strikingly illustrates 
the principle of the energy time lag brought out in this recent 
work of Mr. Peek’s. Referring to Fig. 1, H is a large helix 
carrying 8-10 amperes at a frequency of 90,000 cycles per second. 
The oscillatory circuit LC is mounted so that its inductance 

L is coupled inductively with H, and 
a needle gap G is connected across 
the circuit LC. C is a moving plate 
condenser capable of smooth adjust¬ 
ment, so that, by turning it to a 
proper position, the circuit LC will 
be. tuned to the frequency of LI. 
It is found that when C is turned by 
hand moderately fast from one end of its range to the other 
no discharge whatever will take place at G\ but that, by mov¬ 
ing^ quite slowly through its range, G will discharge at the 
position of C corresponding to tuning for circuit LC. 

L Creighton: We have all of us known for along time 
of the dielectric spark lag, and in some few cases we have had 
fairly definite ideas of its value. All those who have operated 
transmission lines have seen lightning discharges go. by a gap, 
into the apparatus and cause harm. In a great many of these 
cases the trouble has been due to the dielectric spark lag. If 
it were a single impulse in the lightning stroke one could 
be quite sure the fault was dielectric spark lag. If on the 
other hand there was a wave train, then there is another 
phenomenon entering, not only the spark lag of the gap, 
but ■ also the possibility of the wave train forming a resonance 
internally in the apparatus and thereby causing a localizing 
f ^ j energy of the surge. The wave train may consist 
of a dozen gradually decreasing cycles, and may pass by the 
lightning arrester gap without sparking over it. But when all 
these dozen cycles are concentrated in local oscillation in a coil 
of fbe apparatus, either transformer or generator, then the 
voltage will rise to very much greater value. 

In vacuum lightning arrester work we have had many illus¬ 
trations of one of the factors brought out here by Mr. Peek, 
namely, the initial ionization. The vacuum lightning arrester 
requires a voltage of from 280 volts to anything higher, usually 
not above 600 volts, to cause this spark to pass. We have had 
great trouble m comparing one arrester with another, on ac¬ 
count of the variations in spark voltage. We finally came to the 
conclusion,_ borne out by a great many experiments, that the 
difference m spark voltage was due, not to the formation of 
corona or anything of that kind, but simply to the fact that 
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there was not an ion in the field. We would have sometimes 
to wait from two to even fifteen or twenty seconds for one of 
these little ions to float around into the gap, and get the im¬ 
pulse from the potential and strike an adjacent molecule and 
thereby break up more ions, and in that way reach the condition 
of saturation. 

Percy H. Thomas: It is interesting to observe that the 
spark-over voltage on the insulators at very high frequency 
seems to be about the same for wet anddry conditions. Do 
I understand that correctly? 

F. W. Peek, Jr.: Yes. 

Percy H. Thomas: That has a pretty practical bearing on 
transmission line work, because the breakdown voltage or the 
flash-over voltage of the line insulator is determined, not so 
much with regard to the line voltage, as to lightning, nr tran¬ 
sient voltages. So if under those conditions, the moist con¬ 
dition does not lessen the discharge voltage, that will be a fact 
to bear in mind in making a judgment on the relative value 
of different line insulators. 

The first question that occurs to your mind in looking at 
these results from a scientific point of view, is always that 
question as to what the voltage, at the spark gap or on the 
actual material between the terminals, as distinguished from the 
total generated voltage, is during these very high frequencies. 
If I understand Mr. Peek’s experiments correctly, this is de¬ 
termined primarily by calculation. Is that correct, Mr. Peek? 

F. W. Peek, Jr.: Yes. The calculated voltages, however, 
agree with sphere gap measurements. 

Percy H. Thomas: I understand that you calculate the 
natural frequency of the oscillating circuit and take into ac¬ 
count the resistance, inductance and capacitance, and thus get 
the wave front, and from these you get at the voltage. You 
recognize certain errors of one-half per cent, no doubt due to 
lack of knowledge of the exact constants. Do you consider 
the skin effect in the conductors? That presumably is negligible. 

Is it possible to make measurement of this potential by 
placing some suitable device in the electrostatic field, _ be 
tween the discharge points, or at some other convenient 
points, and get a direct measure of the field intensity? This 
would be getting at the voltage from the other end, but would 
eliminate many of the possible errors of the calculation 
method. 

Considering the subject more broadly, it is apparently pos¬ 
sible to ionize air at enormously high frequencies. Ionization 
by lightning and ionization by X-rays represents the separation 
of electrons from molecules or atoms by an alternating electro¬ 
magnetic force, which has a frequency many_ thousands of 
times as great as any employed in these experiments. Why 
should not the time lag discussed in this paper have_ a very 
serious effect and prevent all ionization? Perhaps it does 
have an important part. 
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The production of frequencies higher than one million cycles 
per second requires a pretty small physical circuit, at least 
such frequencies are ordinarily produced through a small 
physical circuit, and I ask Mr. Peek if he will give an idea, 
offhand, as to about how large in feet or meters, or inches, the 
apparatus he used was, so as to give us an idea whether in 
actual service, in a large transmission line, there is a possibility 
of getting frequencies higher than one million cycles per second, 
and whether the presence of the line conductors and other 
things would limit the possible high frequencies, and also 
whether there would be energy enough to be serious. 

_ One more question. Is it not possible to calculate the poten¬ 
tial energy introduced into a given volume of air when a certain 
amount of ionization is produced? If that can be calculated 
it would be interesting to check one of these needle point gaps 
and take into consideration the amount of air which may be 
affected by the discharge, and see how much energy it would 
take, and compare that with the energy which flows through 
the circuit in a millionth part of a second, or whatever time 
is used, to see if these are of the same order of - magnitude. 

There is one other factor which perhaps ought to be spoken 
of in connection with the effect of a very high frequency in 
its relation to the amount of energy that can be supplied to 
the air gap, and that is this: Very few types of apparatus 
other than sphere gaps and perhaps needle gaps are so arranged 
that the voltage will always be distributed in the same manner 
between the terminals; take, for example, a suspension insu¬ 
lator,_ which has petticoats, the opposite sides of the petticoat 
constitute a certain amount of capacity, and the surface has 
an uncertain amount of leakage resistance. The distribution 
of potential over the insulators will therefore be different, 
according to how rapidly voltage is applied. If you apply a 
d-c. voltage and leave it on the insulator for some time, there 
is a certain distribution of voltage, certain parts will have one 
potential, relative to. the terminal, and certain other parts will 
have another potential. If, however, you put a very rapidly 
changing voltage upon the same insulator, the different parts 
may not have the same relative voltage, so that there will be 
a greater or a less tendency to break down locally, which may 
mean, break-down over the whole insulator. 

It seems to me this change of the distribution of potential 
over the insulator, is a thing which must confuse any effect 
of the measure of time lag, strictly considered. 

In considering the protective power of the sphere gap or a 
needle-point on neighboring insulation, Mr. Peek has said that 
in the case of the needle-point gap, it requires twice as high a 
voltage to break down at the high frequency, as at ordinary 
frequency, and that it therefore does not have the proper 
protective power. This he explains by the statement that it 
takes energy to break down the needle-point gap, but it requires 
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more than that fact alone to explain it. The needle-point gap 
must not only require energy to break it down, but it must have 
the capacity to refuse to fake the breakdown energy at a high 
frequency. The mere fact that the gap did not spark across 
would not necessarily prevent its protecting solid insulation, 
provided the gap could receive sufficient current to relieve the 
pressure. Do I make that point clear? It is not sufficient 
that the needle-point gap shall require energy to break it down, 
to explain its failure to protect solid insulation, it must also 
have the power of choking back and deflecting the energy 
coming from the exciting source into the solid material to 
cause the failure to protect. Will Mr. Peek give more in¬ 
formation on that point. 

R. W. Sorensen: There now appears to be a general recog¬ 
nition of the theory of ionization by collision as first advanced 
by Professor Harris J. Ryan in his paper, “Corona in Air and 
Oil”, given some four or five years ago. 

This step, coupled with the definite establishment of the 
value of the sphere gap as a measure of voltages of practically 
all frequencies, will do much toward the standardization of a 
common language for the communication of ideas relative to 
this class of phenomena. 

Speaking of this matter of a common language for the com¬ 
munication of our ideas relative to a subject, let us consider 
the term, “ionic saturation,” as used by Mr. Peek in this paper. 
It seems to me that this may lead to confusion in explaining to 
students for the first time just what takes place, because I do 
not see how it can have the meaning of full as when applied 
to such uses as a saturated solution or magnetic saturation. 
That is, I do not see how we could say ionic saturation any 
more than we might say that a ball thrown up against a wall 
with sufficient force to cause it to break, can be said to be 
saturated with force or energy, because there was enough to 

destroy it. _• 

As a better expression for this phenomena I would suggest 
possibly the expression, culmination point, meaning the point 
where sufficient ionization has taken place for breakdowns to 
occur, rather than that no more ionization can take place in 
the path of current flow. _ . . 

Considering the destruction of solid insulating materials, is 
it not possible that the cumulative effect of over-voltages is 
due to the destruction of parts of the insulation near the point 
of ionization by heating at the point where the corona streamers 
are attached to the material under stress? For example, I have 
seen fibrous materials, porcelain, and glass, tested between 
electrodes to which was applied high frequency voltages, glow 
at the points of contact of the electrodes and the materials 
under test for a period, and then break down in such a way as 
to show that there was heat developed before the arc through 
the insulating material took place. Also in working with a 
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resonator or Tesla coil, I have noted that if the discharge is 
allowed to pump directly to the body it burns the flesh, thus 
destroying it at the point of contact.’ 

In a porcelain insulator, of course, the amount of material 
destroyed by this heat would be insignificant, but the intense 
local heat would undoubtedly set up strains, causing cracks to 
form, these cracks constituting a weakened place, made more 
and more so at each wave front, which must be withstood at 
that point. 

Such a supposition will be entirely in accord with’time volt¬ 
age relation necessary for break down of insulators, because 
the greater the energy the more quickly is the heat generated 
at a point and the greater the stress on the material, because 
of the difficulty of getting this heat conducted away from the 
point of application. 

I take it that the curve for air and also for insulating materials, 
showing the relation between voltage and time, cannot fall 
below the critical voltage of the material, even for infinite time. 

F. F. Brand: Mr. Peek’s paper has brought out and ex¬ 
plained many phenomena of breakdown, which until quite 
recently ‘were almost unexplainable. The time and energy 
theory explains to us why insulation having a deeply corru¬ 
gated surface on which breakdown by flashover must occur 
by successive building up of corona over a long surface takes 
a long time or a high transient voltage to flash over, due to 
the large energy required to form the corona, and thus does 
not flash over so readily under transient voltages. 

It is also interesting, and indeed * fortunate, for us, that the 
spark lag time for these corrugated surfaces increases with 
decreasing air pressure, and is not appreciably affected by dirt 
and moisture. The flash-over of insulators at high altitude by 
transient voltage is not so likely to occur as would be imagined, 
due to the large time lag at lower air pressure, and due also 
to the fact that corona will occur readily on the line wires and 
absorb energy from the transient. 

The large number of failures by puncture of porcelain in¬ 
sulators in service is undoubtedly due to progressive break¬ 
down caused by transient voltages which are cumulative until 
complete puncture occurs. This also shows why insulators 
immersed in oil which are absorbent of oil, such as paper, press- 
board, etc., give such enormously high resistance to puncture 
by transient voltage, as not only is the time lag of the solid 
high, but this absorbed insulation is not greatly subject to 
breakdown by a cumulative process, as it is to a greater extent 
self-healing by the oil. 

F. W. Peek, Jr.: The wet and dry spark-over voltages for 
impulses of short duration are generally very nearly equal; 
rain has less effect on the impulse spark-over voltage than on 
the 60-cycle spark-over voltage. This matter is being further 
investigated. 
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Percy H. Thomas : Can you tell me offhand where it becomes 
evident? How about 50 kilocycles? 

F. W. Peek, Jr.: The shorter the duration of the impulse 
the more nearly the wet and dry spark-over voltages corres¬ 
pond. For example, referring to Table XIII, Insulator A: 
The wet 60-cycle spark-over voltage is 65 per cent of the dry 
spark-over voltage; the wet spark-over voltage for a single 
half cycle of a 100-kilocycle wave is 97 per cent of the dry 
impulse spark-over voltage; the wet spark-over voltage for a 
single half cycle of a 500-kilocycle wave is 98 per cent of the 
dry impulse spark-over voltage. It should also be noted that 
the wet impulse spark-over voltage is in both cases higher than 
the dry 60-cycle spark-over voltage. The gain in wet and dry 
spark-over is less and less as the duration of the impulse in¬ 
creases; it is, however, quite appreciable for a single half-cycle 
of a 50-kilocycle wave. For very low-frequency surges the 60-cycle 
condition may be approximated. This, naturally, has a very im¬ 
portant practical bearing. We are at present investigating the 
wet 60-cycle and impulse spark-over voltages at high* altitude. 
It must be kept in mind, in this particular discussion, that 
impulses are referred to and not continuously applied high 
frequency. (See Tables XVI and XVIII for comparison). 
Continuously applied high frequency causes break-downs in solid 
insulations at very low voltages, produces large corona losses, 
etc. The effect of each half cycle is cumulative. 

Percy H. Thomas: The wet and dry would be practically 
the Same? 

F. W. Peek, Jr.: The wet and dry spark-over voltages for 
the 50-kilocycle impulse are probably very nearly equal, for 

many designs. . 

Percy H. Thomas: Is it when the resistance of the water 
gets high enough that it checks back? 

F. W. Peek, Jr.: The shorter the duration of the impulse 
the more nearly the spark-over voltage is independent of the 
resistance of the water. 

Percy H. Thomas: With perfectly pure water, then, with 
50-kilocycles you get very much the same effect, wet and dry? 

F. W. Peek, Jr.: Yes. The water used in the tests under 
discussion varied in resistance between 2,000 and i ,000 ohms 

per cm. cube. . _ 

Mr. Thomas has asked in regard to the method ot deter¬ 
mining the impulse voltage and also in regard to the space 
occupied by the apparatus. The impulse voltages are cal¬ 
culated. The method of making the calculation is fully ex¬ 
plained in the paper. The impulse voltage is produced by 
charging a condenser.to a known voltage and discharging it 
through an inductance and resistance. The transient current 
produces a transient or impulse voltage drop across the resist¬ 
ance which is readily calculated from the constants of the cir¬ 
cuit. The condensers were built up of glass plates; the induct- 
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ances were single layer coils; the resistances were straight 
water tubes. The constants of all of these were readily meas¬ 
ured or calculated. The floor space occupied by this test was 
about 10 by 12 ft. The constants of the circuit will be found 
in the paper. 

Percy H. Thomas: About how many turns have the coils? 

F. W. Peek, Jr.: That depends on the frequency, wave 
shape, etc. 

Percy H. Thomas: Per million cycles? 

F. W. Peek, Jr.: About 20 turns. There are, naturally, 
a greater number of turns for the lower frequencies. I might 
state that the possible sources of error were investigated. The 
arc resistance at A, Fig. 1 of the paper, was investigated and 
found to be small. Voltage was also measured across sections 
of the water tube resistance R h and found to check when 


l • c compared to the voltage across the 

whole tube. The skin effect in R x was 
a/ . r| also not measurable. The probable error 

I L c | should generally not be greater than 

—f about 2 per cent, which is very small 

pwiooH—i_reaPiece when the nature of the test is con- 
(bl J sidered. The chances of error increase 

( r| -r-cp with increasing steepness of wave front. 

— There is one source of error which was 
L c guarded against, but which should be 

Fig. 2 mentioned, the effect of the capacity of 

, 1 tiie test piece on the wave shape. The 

wave is calculated for circuit la, See Fig. 2. The test piece is 
placed across R t and is equivalent to adding a capacity across 
Ah. ^ ihe solution of 1 (a) involves a quadratic, of 1 (b) a cubic 
and is quite tedious. The general effect of C p is always to delay 
the time of maximum of the wave, and to increase the value 
of the maximum with increasing capacity up to a critical value 

?L C r becomes less and less with increas¬ 

ing C p and finally falls below the maximum for C v = 0. In 

crr^f nVeStlg T the v . a l ue of C p was never allowed to become 
great enough to appreciably affect the wave shape. 

f al< ? ulateb lm P ul se voltage and the impulse voltages as 
measured by spheres, using the standard 60-cycle curve, always 
checked within a small per cent " 

at P 60 rC cvdes? ThOmaS: ^ ^ Sphere gap curve calculated 


i ^ Pestai -dard sphere-gap curve is a curve 

culawlt i 6 A CyCleS ' have 3150 given a form ula for cal- 

of vobLAt IS C T e o- eS n ? t vary for the same maximum 
f M° k Q S * 6 ? cydf. 25 cycles or direct-current. 

occur at amfiSf asl 5?^ un ?g his remarks, if break-down will 

not Them 7 !! i tag6 t lf - th ® ■ tl “ 6 1S long enou g h - No, it will 
not. There is a certai n minimum voltage at which break- 

1. See “Dielectric Phenomena in High-Voltage Engineering”, Chap IV. 
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down will occur in infinite time. This will be made more clear 
by a brief discussion of the probable mechanism of breakdown 
which I will now give. This discussion will also answer ^ques¬ 
tions by Messrs. Creighton and Thomas on the effect of initial 

ionization. 2 . 1 . - rp-. 

In air there are always a certain number of free ions.^ . I he 
number will vary, and may be greatly increased in the vicinity 
of any electrodes by means of X-rays, ultra-violet light, etc. 
When potential is applied to the electrodes, the negative ions, 
or electrons, are attracted toward the positive electrode, ihe 
velocity at which free ions move at any point depends upon 
the field intensity or voltage gradient at that point. When 
the voltage gradient anywhere reaches 30 kv. per cm. the velocity 
of the ions become sufficiently great in their mean free path to 
produce new ions by collision with atoms or molecules by 
separating them into positive and negative parts. If the process 
continues ionic saturation may result after many successive 
collisions. Ionic saturation is corona or spark. A finite thick¬ 
ness of air, however, must be subjected to 30 kv. per cm. or 
over, in order that spark may result. Whether ionic satura¬ 
tion, and therefore spark or corona, will take place at a given 
point will depend upon whether ions are produced at a greater 
rate than recombination, escapement to other parts of the 
field, etc., this in turn will depend upon the regularity ot the 

field, electrode spacing, etc. % 

Breakdown or corona cannot begin to form until the voltage 
is high enough to produce somewhere a gradient of 30 kv. per 
cm. lor the electrodes under consideration. The voltage at 
which ionization by collision begins, and at which spark-over 
takes place, will, therefore, be practically independent of the 
initial ionization, or number of free ions at the start, if the time 
of application is not limited. The time to reach ionic satura¬ 
tion should vary with the initial ionization. 

In the case of an impulse voltage of steep wave front ioniza¬ 
tion starts when the continuously applied breakdown voltage 
is reached; ionic saturation does not occur until the voltage 
has risen considerably above this value, zy short interval of 
time later. Thus the impulse voltage required to spark oyer 
a given gap is always higher than the continuously applied 
voltage, the difference depending upon the irregularity of the 
field, etc. With spheres, where the spacing for a given volt¬ 
age is small and the field nearly uniform, it is only necessary to 
ionize to saturation a small short tube of air to cause spark- 
over. The ions are all along this tube subjected to nearly the 
same gradient, and all parts break down nearly simultaneously; 
there is no previous corona formation. The time element is 
very short. With needles, the spacing for a given voltage is 
comparativel y very large. Local breakdown first starts at the 

2. See “Dielectric Phenomena in High-Voltage Engineering”, Chaps. 

Ill, IV and VIII. 
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points in this irregular field; a sphere of corona is gradually 
formed around each point as the voltage increases ■ finally 
spark-over occurs. There is chance for recombination and 
escapement; the energy stored in the field must be supplied 
through the resistance of the gradually forming corona spheres. 
The time lag of the needle is thus large—an impulse voltage 
much higher than the 60 cycle voltage is required to cause 
spark-over. The lag of the starting point of corona is generally 
ve2 T small. This should be so, as the start of corona is spark- 
over from an electrode to space, generally, in a more or less 
uniform field. The effect of varying initial ionization on the 
time lag of spark-over is generally not measurable. This is 
apparently so because the starting corona, which has a very 
small lag, supplies greater initial ionization than can generallv 
be supplied by external means. All this is fully treated in the 
paper. Initial ionization may play an important part at low 
air density where it may be an appreciable percentage of ionic 
saturation. 

Percy H. Thomas: Have you made experiments on that 
condition? 


_F. W. Peek, Jr.: Yes, the effect of initial, ionization at low 
air densities, and under other conditions, is discussed in the 
paper, as is also the effect at very small spacings where the 
probability of an ion reaching the space between the electrodes 
from the outside is small. Mr. Creighton has touched on this 
m his discussion. 

. Thomas has also asked in regard to the effect of the 

impulse voltage distribution in the insulator under test and if 
it does not modify the theory outlined above; The voltage 
distribution must change greatly after the spark begins to form- 
I do not believe it changes the general theory of lag outlined 
above. It. must be considered in special cases. 

In practise we desire to know the characteristics of diff erent 
types of insulators. . Some insulators spark over more readily 
than others on transient voltages. For instance, two insulators 
or bushings of different designs may both have a spark over 
voltage of 100 kv. at 60 cycles, while for a given impulse the 
spark-over voltage of one may be 110 kv., the other 200 kv 
1 his investigation has determined the different factors affect- 
mg the time lag so that either type may be designed at will 

Iwo different lightning arrester gaps may have 100-kv 
spark oyer voltage at 60. cycles, the condition which determines 
the setting on a line, while for a given impulse one may require 
200 kv. to spark it over, the other only 102 kv. These different 
types may also be designed at will. It is obvious that the 102- 
kv. gap, and the 200-kv. bushing would be desirable in practise. 

I have m the laboratory two different _gaps connected directly 

^v, mU onn f h a 6 °- C y de settin S f0T one is 100 kv., for the 
other 200 kv A spark may be made to pass, as desired, over 

one^ap or the other by changing the steepness of the applied 
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Percy H. Thomas: My question was as to the sufficiency 
of your explanation. When you say that the needle point 
requires energy to break down, you want to supplement that 
energy to explain the phenomenon. The real effect is the 
time, rather than the energy. 

F. W. Peek, Jr.: It cannot be said that any gap has a 
definite time lag for all impulses; it requires time and voltage. 

If the voltage increases rapidly it will go up to a higher value, 
but spark-over will occur in less time, so that time and volt¬ 
age are linked together and are interdependent. It is really 

a matter of energy. . . . 

Percy H. Thomas: That is not the point I had m mind. 

F. W. Peek, Jr.: That answers, I think, the point from 
the protective standpoint and the standpoint of insulator design. 

Percy H. Thomas: I understand what you are explaining 
now. My point was this, that while the phenomenon is clear, 
the explanation that, it is due to the effect of the energy re- 
quired to break down the needle gap, would not explain why 
the lag should occur with a needle point and not with a sphere. 

F. W. Peek, Jr.: I may make myself clearer by citing a 
specific example. Set a needle gap and a (25 cm.) sphere gap 
so that both spark-over at 100 kv. ^maximum for continuously 
applied or 60-cycle voltages. It will be found that the spac¬ 
ing are approximately 3.5 cm. for the sphere gap, and 15 cm. 
for the needle gap. The sphere gap spark-over occurs along 
a straight tube 3.5 cm. long. As the gradient along the tube 
is fairly constant, ionization starts all along ^the tube at about 
the same applied voltage. There is no previous corona forma¬ 
tion or field distortion. It is necessary to bring a very small 
amount of air up to ionic saturation.. With the needle gap 
the field is intense at the point, and not intense a short distance 
from the point. As the impulse voltage rises from zero corona 
first starts to form around the point and gradually extends out 
as a sphere around, the point with increasing voltage. Ihe 
field is, thus, continuously changed and part of the energy 
is supplied through the conducting corona which is formed. 
The rate at which the energy necessary to cause break¬ 
down can be supplied is thus limited. As this compara¬ 
tively large volume of air is ionized there is also prob¬ 
ably recombination, escapement of ions, etc. ^Spark-over 
finally results if the voltage continues to a sufficiently high 
value to produce ionic saturation in the spark-over path. Ihe 
required energy is much smaller for the sphere and it can be 
supplied much more rapidly than to the needle. The impulse 
spark-over voltage for the sphere in this case may be say 
100 kv • for the needle 200 kv. The rate can be calculated. 

Percy’ H. Thomas: The real criterion to determine when 
that will break down is when ionic saturation is reached? 

F. W. Peek, Jr.: Yes, that is apparently correct. I have 
given the general laws in a summary at the end of the paper. 
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J. Murray Weed: I suggest an explanation might be ar¬ 
rived at by considering that the energy must all flow into that 
space in the air from the points of the needles in the one case, 
and in the other case it is the whole surface of the sphere which 
must flow into the space in the gap. It must flow through the 
air to energize the air further out from the terminal, and in 
one case it has to flow through a small cross-section of air from 
the point of the needle, and in the other case has a large surface 
on the sphere to flow to. 

F. W. Peek, Jr.: In the case of the sphere, the energy is 
really supplied along a small tube connecting the nearest sur¬ 
faces. 

H. C. Stephens: There is one point which seems to be in¬ 
consistent with the statement you made some time ago, in 
which you said it took no appreciable time to accomplish the 
ionization. 

F. W. Peek, Jr.: It naturally must take time to produce 
ionization; it must take time to supply, energy, unless there 
is infinite power. I stated that the time to produce the initial 
corona was very small compared to the time to produce the 
final spark-over in irregular fields. This is so because the 
start of corona is spark-over, a small distance, from conductor 
to space over which the field is still fairly uniform. 

Mr. Sorensen asked in regard to heating. I do not think that 
heating need be specially considered in this problem, but rather 
the tearing apart of the air and the energy supply through 
the resistance path thus formed to the capacity. * 
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ARC PHENOMENA 


BY A. G. COLLIS 


Abstract of Paper 

Increasing developments in electric transmission systems 
impose correspondingly increased duties upon switchgear, and 
therefore a study of the arc phenomena accompanying the 
rupture of circuits in oil switches becomes of growing im¬ 
portance The paper describes a number of experiments made 
to determine the influence of differently shaped arcing contacts 
upon the disturbances following rupture of an a-c. circuit, 
and various theoretical considerations are discussed with a 
“ew to modifying the design of oil switches so as to increase 
their rupturing capacity and thereby eliminate auxiimry 
vices with their added complications and expense. I he use 
of reactors is also considered in connection with the rating o 
oil switches. 

Introductory • 

A DVANCEMENT and improvement in the development of 
electrical transmission necessitates more rigid research 
work and investigations on designs of switchgear, in order that 
the more effective may be their relative capacities. 

In this connection great credit is due to the members of the 
American Institute of Electrical Engineers, who have pro¬ 
vided us with records which have been a source of great e p 
and assistance to those who have been less fortunate m making 
the necessary researches for studying “transient electrical 

P There is still a large field of research work to be done, before 
definite conclusions can be formed, in conjunction with practises 
that we are now leaving behind, apart from the developments 
that are now being put into operation. _ _ 

One of the most important fields of science is that whic 
deals with “arc phenomena” occasioned by the duties of switch- 
gear, which form such important links of an electrical trans- 

mission. , i 

In my previous publications, such as ‘ Breaking ig ^ ^n 
Low-Potential Circuits,” “High-Tension Switchgear, De¬ 
gradation of Accumulative Energy,” etc., there are oscillograph 
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records of the effects produced by opening moderate currents and 
voltages, such as are met with in every-day practise. This paper, 
however, traverses and deals with investigations on critical 
phenomena obtained from circuits of much larger dimensions, 
with further details as suggested by the title, hitherto not 
included in my previous records. 

As the formation of the arc in oil switches becomes the critical 
point of an oil switch, and as the necessity of more effective 
ruptures for the increased kv-a. capacities becomes more ap¬ 
parent, the first portion of this paper contains some research 
work which is submitted to you as an introductory for further 
unexplained phenomena on this important question. 

It is suggested that the nearer science solves the question 
of harnessing the forces liberated in disturbed areas, the 
provision of artificial links in the chain of a transmission 
will decrease, reducing this source of additional danger and 
trouble. There is no doubt, as practises improve, auxiliary 
devices will gradually be removed, reducing capital expenditure 
with greater efficiency. 

Arcs in A-C. Oil Switches 

Herewith are illustrations obtained by photographing the 
arc formed by opening a-c. circuits under oil, and attention is 
directed to their various shapes caused by special forms of con¬ 
tacts. 

For the purposes of these experiments the same switch was 
used in every case, fitted with different contacts as shown 
below. Th,e photographs were obtained by using a camera 
and intensifier, tjic shutter of which was directly connected to 
the operating mechanism of the switch, one side of the switch 
case being fitted with a transparent flexible partition revealing 
the arc disturbance. 

Fig. 1 illustrates the arc formed by rupturing a non-inductive 
three-phase circuit, 6600 volts, 200 amperes, (r.m.s.) at unity 
power factor. The oil switch contacts (Fig. 2) operated in a 
vertical plane, the total length of break being 10J in. per phase. 
It will be observed that the shape of the arc is an ellipse, 
its greater diameter being directed horizontally towards the sides 
of the tank. It is therefore obvious that, where a heavy head 
of oil is essential for the purpose of damping out the arc effec¬ 
tively, equal proportions for safety must be incorporated in 
the distribution of forces through which the strain is directed. 
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In nearly all the cases of switch bursts that have come under 
my personal observation, the damage is more apparent on the 
sides of the oil tank, following the direction of the flow of the 
current. Front or back explosions are not so prominent, which 
may, of course, be due incidentally to the relative positions of 
the arc contacts, and it is for this reason that the photo plate 
produces the shape of the arc where it w r as felt its effect w r ould be 
most severe. The shape of the arc follows the shape of the 
arcing contacts, and there is no doubt that the disturbances 
following rupture are directly related to the shape of arc con¬ 
tacts, as will be commented upon later. 

Fig. 3 illustrates the formation of the arc, in oil, by ruptur¬ 
ing a three-phase 6600-volt, 220-ampere (r.m.s.) inductive cir¬ 
cuit at 0.9 powder factor. The contacts used in this case were 



F IG . 2—Brush Laminated Fig. 4—Solid Wedge Form of 

Contact 


of the well known “ wedge ” form, Fig. 4. The rupture m 
this case is slightly more severe than in the case of Fig. 1, and 
the arc is slightly larger. The pressure in lb. per sq. inch 
was 75, as per table herewith. It will be understood that the 
effects of explosion depend to a certain extent on the position 
of the wave at the time of opening. No oscillograph tests were 
taken at the time v r hen the photo plate was exposed to the arc. 
The tendency of the arc in this case is to turn upwards when 
directed outwards, and is of the “ heart shape” variety. Several 
designers, in order to quench the arc more effectively, have used 
artificial “ arc dampers” placed in a diagonal direction over the 
forces of explosion to press the oil over the neighborhood of 
the rupture zone, from vdiich it would appear that they con¬ 
jectured that the greatest strain during the rupture appeared in 
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this region. These illustrations confirm this opinion. On the other 
hand, some engineers appear to consider that the arc damping 
fluid should be forced on the rupture zone from the vertical 
position, i.e., directly over the center of the disturbed area. The 
result of this method is shown in Fig. 5. 

Fig. 5 illustrates the arc made by breaking - a similar circuit, 
180 amperes (r.m.s.) at 6600 volts, 0.83 power factor. The 
form of contact used (see Fig. 6) is the brush form as in Fig. 1, 
but fitted with vertical trailing arc pieces. It will be observed 
that the arc pieces were fixed at the side of the main contact, 
one inside and the other outside. These arcing pieces were 
placed in this position for the purpose of observing whether 
the arc phenomena followed a natural sequence or if its arti¬ 
ficial creation was caused by the individual shape and character 



Fig. 6—Brush Contact with Trail- Fig. 8—Cone Contacts 

ing Pieces Inside and Outside 


of the contacts. It would appear, as shown in the illustration, 
that the arc is influenced by the construction of the trailing 
pieces. It will be observed that the natural formation of 
an arc can be artificially directed and modified by contact de¬ 
sign, considerably increasing or decreasing the capacity of switches 
of limited rupturing capacity. Thus a switch with one form 
of contact and a rupturing capacity of say 10,000 kv-a. 
might be so reconstructed and modified as to have its ca¬ 
pacity increased to 15,000 kv-a. There is no doubt that the 
direction of the explosive forces produced by the arc is related 
to its power to withstand heavy duties, the shape and posi¬ 
tion of the “ arc trailers” having a relative bearing on its 
formation. 

Fig. 7 illustrates the arc formed by breaking circuit with the 
cone contacts, Fig. 8, the shape of the arc being of the 
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“ filbert character,” showing the maximum force divided along 
a vertical plane. This class of contact is not so much in 
common use as those shown in Figs. 2 and 4. The shape of 
the arc, though, is more ideal and the rupturing capacity of the 
switch increased over those of its neighbors in comparison. The 
circuit ruptured in this case had a practically non-inductive load 
of 125 amperes (r.m.s.) at 6600 volts, unity power factor. Thus 
the arc should be smaller in dimensions than those shown pre¬ 
ceding it. Auxiliary arc dampers were provided with this switch, 
forcing the oil in a downward direction towards the seat of the 
explosion. The effects of these are shown in the illustration. For 
very heavy rupturing capacities, cc arc dampers are con¬ 
sidered necessary, and will be commented upon later. 

Fig. 9 illustrates the arc 
formed by breaking a circuit 
of 300 amperes (r.m.s.) 6600 
volts, power factor approxi¬ 
mately unity. The arcing 
contacts are shown in Fig. 
10 and are known as the 
double-brush type, the oil 
being forced over the center 
of the arc zone. The illus¬ 
tration shows the effects of 
this feature. The increasing 
diagonal forces as interpreted 
from the shape of the arc structure, with the maximum strain being 
directed towards the sides of oil tank, are also shown. This type 
of contact was introduced very successfully on a 20,000-volt 
transmission, but the tendency is now to use an entirely differ¬ 
ent form of design for high-tension electrical transmissions. 



Fig. 10 —Hollow Conductor for 
Oil Brush Contacts 


Fig. 


Amperes. 


Volts. 


200 

220 

180 

125 

300 


6600 

6600 

6600 

6600 

6600 


Lb. per sq. in. 
near arc. 


74 

75 
68 
54 
78 


Lb. per sq. in. 
2Hn. from 
contacts. 


70 
63 
65 
32 

71 


The pressures in pounds per square inch surrounding the 
arc area are given above. These pressures were obtained by 
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inserting in the tank an operating cam, directly connected to 
an external indicating instrument, as used for hydraulic 
testing, see Fig. 11, the instrument being specially calibrated 
to record pressures in the oil tank. 

Fig. 13 shows the distance rate of change declinations of forces 
directed toward the sides of the oil can resulting from various 
arc forms.- The steeper the inclination of this characteristic 
the greater the rupturing capacity of the switch. 

Fig. 11 illustrates the position of the recording instrument 
used to measure such factors. 

Fig. 12 presents the result of a series of tests taken of the 
dielectric strength of oil in comparison to that of air, taken 
between needles. 




Fig. 11—Method of Force 
Measurement 


Fig. 12—Comparative Tests Taken 
of A-C. Breakdown Voltages 


Fig. 14 shows the arrangement of the switch gear for making 
the series of tests above referred to. 

Theory of Cavitation 

As shown by the above illustration, the pressure and forma¬ 
tion of the arc is the critical point of an oil switch, and designers 
should concentrate their energies to the effective harnessing of 
its explosive features. If the mean dimensions, pressure and 
formation of the arcing could be so governed as to distri¬ 
bute even pressures in all directions, or further if the arc 
could be so controlled and directed that the forces generated 
find their maximum- efficiency in its enclosed limitations, the 
resultant disturbances would be thus minimized. 

Spark effects have not been considered in this paper. They 
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were excluded for the reason that they are considered to possess 



p IG . 12 —Diagram Showing Decline 
of Forces in Various Arcs 


Fig. 14—Arrangement of 
Switching 


The critical value of cavitation is well known by those who 
have studied hydrostatic and hydrodynamical laws 1 heir 
experiences with these laws are almost identical with those of 
the men who are solving the problems of arcs m fluids. Lord 
Kelvin described them at the Royal Society in 1887 as governing 
the ! ‘formation of coreless vortices by the motion of a solid throug 
an inviscid incompressible fluid.” (Practical fluid differs from 
perfect fluid in that it is compressible and has viscosity). While 
the general critical value of cavitation may be identical m the 
production of mechanical propulsion by rotation and the forma- 
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tion of arcs in fluids, the created vortices are governed by 
different laws. 

The illustrations above show that the wave of explosion 
travels radially outwards with a finite velocity inversely 
proportioned to the square of the radius,, the pressure 
and intensity of the fluid being everywhere the same at 
the same depth in all directions. The abnormal wave of ex¬ 
plosion has a considerable bearing upon the failure of a switch 
repeating identical rupturing performances. 

The larger the lateral size of the contact the greater will be the 
effects of the explosion. 

The volatilization of the oil and its quiescency is of importance 
in destroying a vacuum created by an arc. Also there must be 
as little carbonization as possible, with free convection. As 
is well known, the breakdown pressure of most gases increases 
greatly with increasing pressure, and the breakdown pres¬ 
sure at a few atmospheres is far greater than that of the 
oil. Apart from cutting off a dangerous condition with as 
much speed as possible the rapidity of the moving contacts 
in the creation of a vacuum is vital in the reduction of distri¬ 
butive forces. 

It is in connection with the unknown generated gas forces 
that the rupturing value of the switch becomes more inde¬ 
terminate, in the case of phase displacement under heavy load, 
due to a potential existing when the current approaches zero, 
thus modifying the resultant gas formation. 

The arc fluid when subjected to pressure assists in destroying 
the created vortices, and if applied in the right direction in¬ 
creases the capacity of the switch. 

Rupturing the arc by a series of gaps and resistances does 
not appear to be the correct line of development, as apart from 
the increased size of the switch and the relative merits of sus¬ 
tained arcs the creation of a number of coreless vortices defeats 
the primary object of a switch designer. 

Fig. 9 illustrates the large amount of gas force exposed to 
the oil. It would have been thought that the oil subjected 
to pressure would have increased the exposed surface with a 
subsequent release of the gas bubbles. This is so, pro¬ 
viding that the pressure of the oil is conducted through 
proper channels. The current broken in this instance is 
of course much greater than those in comparison. Also it 
must be remembered that the current had been broken several 
times before a satisfactory photograph could be obtained. 
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e.m.f. wave of the oscillograph record, showing the result of not 
opening all of the contacts simultaneously. 

These three records were obtained on a 6000-volt 50-period 
circuit having a running generator capacity of 16,200 kw., the 
phases being short-circuited at the end of a 1900-yard under¬ 
ground main feeder. The maximum currents were 2300 am¬ 
peres (r.m.s.). The switch, which was of the double-break, 
gravity, time type, opened the circuit in 2| periods, this being 
considered a very rapid rupture. 

The key diagram of such tests is shown in Fig. 18. 

Figs. 19 and 20 contain the oscillograph records made by 
opening a short circuit between phases, on a 5000-volt, 25- 
period, a-c. system having a resistance in the circuit limiting 
the power to 10,000 kw. This resistance consisted of iron strips 
mounted in an iron frame, and was connected to the source 
of supply by a three-core 0.15 sq. inch section cable 1000 yards 
long having an impedance of 
2.4 ohms. --^ 

Fig. 21 illustrates the key , ]~-- 

diagram of these tests. An 1 I F 1900 Yards cable 

inverse time element relay f f f 

was fitted on this switch 1|- 

which was set to operate at F c.t. oscillograph 

20 per cent overload in five / / / 

seconds, and on short-circuit I ~~|f~ 
conditions in 0.46 second. t ■ p-t. oscillograph 
Thus the calculated time for i 62 ooKw.power 

the switch to reach the off ^ _ 

. Fig. 18 —Key Diagram of Short- 

position on short circuit would Circuit Tests 

be 1.46 second. 

The rate of opening, therefore, for the double-break contact 
was 1.16 second. The oscillograph records show approximately 
seven complete periods. The current ceased to flow before 
the switch finally completed its movement. 

The rapidity with which a current may be opened may not 
be seriously considered in industrial applications; it is when 
the transmission assumes large dimensions with extra high 
pressures that this question requires weighty consideration. 
Rapid changes in a circuit containing inductance and capacity, 
in which electromagnetic and electrostatic energy is stored, 
introduce oscillatory phenomena. Circuits of negligible in¬ 
ductance and capacity may be switched without any serious 
results’ of discharged transient energy. 


C.T. Oscillograph 


P.T. Oscillograph 


16200 Kw. Power 


Fig. 18- 


Key Diagram of Short- 
Circuit Tests 
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Fig. 20 
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Fig. 22 



Fig. 23 
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Fig. 24 
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An underground cable system may act as an oscillatory 
generator with the capacity of the cables as a condenser, the 
internal inductance of the generators as reactance and the 
short-circuiting arc as a discharge. 

The extent of oscillatory phenomena brought about by 
these and other changes has been dealt with in previous publica¬ 
tions and is therefore omitted from this paper. 

Pressure Rises 

Engineers have experienced considerable inconvenience by 
the appearance of surges when closing high-potential circuits. 
Flash-overs and breakdowns in some installations have been more 


RING FEEDERS 



frequent with the closing of the circuits than those produced when 
opening the supply. The rate and rise of the rush of current 
into a circuit is well known, but the appearance of voltage 
peaks requires some examination. A series of experiments 
was carried out on a large power supply system m the Mid¬ 
lands by installing a series of earthed spark gaps on the end 
turns of a 500-kw. 6600-volt low-speed motor. These spark 
gaps were adjusted to flash over at definite voltages. When 
the results were plotted, a pressure of 27,000 volts was re¬ 
corded by closing the overhead mains four miles long, while 
connecting this machine on to the circuit before starting up. 
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Oscillograph records shown in Figs. 22, 23, 24 were obtained 
by closing an unloaded 8000-yard, 5000-volt, 25-period feeder, 
the cable being of a three-core type 0.15 sq. inch section diameter. 
The instantaneous voltage rise is shown as practically double 
the normal, which value in itself is not dangerous, but con¬ 



ditions can easily be assumed when the production of such 
rises' might prove to be troublesome. 

An oil switch in itself by the nature of its construction does 
not introduce distortion in the e.m.f.wave, the rate of change of 
current being its chief contribution. The manufacture of arc-dis- 
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pelling fields introduced into some designs will, however, consider¬ 
ably and artificially alter the circuit phenomena. Oscillograph 
tests have not been taken to record the e.m.f. introduced by them, 
but they are similar in character to those experienced on d-c. 
circuits. In the author’s book on “ High-Tension Switchgear 
Design” such effects are shown in comparison by opening d-c. 
circuits with different types of breakers^ 

Oscillograph records are produced showing the effects of open¬ 
ing circuits with (1) carbon break, (2) weak field magnetic blow¬ 
out, (3) strong field magnetic blow-out, and (4) oil type breakers. 



For the convenience of readers I reproduce in Fig. 25 the com¬ 
parative tables computed from a long series of tests. 

Figs. 26 and 28 illustrate the nature of the arcing and the rises 
obtained when opening a heavy d-c. short circuit. Fig. 27 con¬ 
tains the record of the e.m.f. and current rise when opening a 
heavy inductive load with a d-c. oil switch. 

The comparative table under Fig. 25 shows that the in¬ 
ductive rise obtained from the weak field magnetic blow-out 
breaker is much greater than those of its neighbors,which is 
exactly in accordance with fundamentals but contrary to the 
generally accepted opinion. Figs. 29 and 30 present a key 
diagram of the d-c. tests referred to. _ . . 

When the magnetic blow-out field, originally designed m 















America, was produced in this country, considerable opposition 
was experienced against its use for the reason that it was stated 
to introduce excessive potentials by the nature of its construc¬ 
tion, and its strong field, which broke down insulated cables. 

The series of tests, records of which are shown m the book 
above referred to, contains the exact effects of such fields on 
the circuit and shows that the strong field produces a less 
effective rise than those of the weak field type. 

Apart from the time taken in opening the circuit the extra 
inductive rise is due to the separate coil for the production 
of a magnetic field. This coil is short-circuited when the breaker 
is in the closed position, but in series with the line when open¬ 
ing the circuit. As there is an appreciable time taken up m 
the building of this field, which is not at its greatest density 


Generators 


auto circuit f 

BREAKER 

MAGNETIC 1 
BLOW OUT TYPE r 
AMMETER | 
SHUNT \ 


MOTOR WITH 
DOUBLE WOUND 
ARMATURE ' 


JJ CIRCUIT BREAKER 
H UNDER TEST 

/quick break 

S - R - SWITCH SHUNT 


TO TO 

CURRENT POTENTIAL 
COIL COIL 
OF OSCILLOGRAPH 


TLIQUID STARTER 
WITH SHORT 
CIRCUIT CONTACT 


GENERATORS . , , 

Fig. 29—Diagram of Connections, Showing Method of Breaking 
Predetermined Loads, D~C. 


when the arc is first formed, a choking effect is introduced, and 
the resistance being low, the back e.m.f. assumes a high value, 
so that if the turns are doubled the induced e.m.f. is quadrupled, 
the current being one fourth. If a steady e.m.f. be applied at the 
ends of a conductor of resistance R, the current does not rise 

jE 

instantaneously to its full value as given by ohms law, I = 

it takes time to reach the value since at the moment when 
the current starts to flow it brings into existence an opposing e.m.f., 
depending upon the rate of increase, which opposes the rise of cur¬ 
rent. If the e.m.f. be removed the current sinks to zero, gradually 
decreasing in strength, for the reason that the current value is con¬ 
nected with the presence of a magnetic field due to it. 

The rate at which the current dies down is indicated by the 
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angle of inclination of the curves in the oscillograph records 
and depends upon the e.m.f. of self-induction, which is partially 
governed by the geometric form of the conducting path and the 
amount of iron, if any, in the circuit. 

The maximum pressure recorded o'n the oscillograph is t e 
resultant e.m.f., and is the geometric sum of the impressed e.m.f • 
and the e.m.f. of self-induction. The total inductance of e 
blow-out field coil is equal to the number of turns caused y 
unit current and affected by the rate of change, symbolized 

L —. The e.m.f. of self -inductance is E = — (L-^) , the algebraic 
dt 

sign depending on whether the current is increasing or decreas 
If the e.m.f. is withdrawn and the current dies to zero, the 



TO C. COIL TO P. COIL 
OF OSCILLOGRAPH 


TO C. COIL TO P. COIL 
OF OSCILLOGRAPH 


Fig. 30—Diagram of 


Connections for D-C. Short Circuits 


self-induction tends to assist, but if the current be increased 
the induced e.m.f. opposes the increase. 


Kilowatt Capacity* 

The implied meaning of the above term is contentious 
Academically it is understood to represent “ the compound unit 

V °Special f committees have been formed to discuss and arrive 
at some arbitrary decision as to what this term sho convy, 
and its limitations. Up to this time no complete definition 
has been published. Subjecting this term to analytical treat- 
we Ld variable conditions affect the capacity of a snatch 

* ^ 

as follows: 

1. Power factor. 

2. Period of time taken in opening the circuit. 
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3. Amount of current generated on short circuit. 

4. Position of the wave at the time of rupture. 

5. Impedance and reactance of the circuit. 

The effects attributed to “resonance,” “distorted wave forms”, 
etc. are not commented upon in this paper, these being a 
distinct field of research work. 

To co mm ent upon each of the above items in detail as affect¬ 
ing the title referred to would necessitate a discourse covering 
the entire field of alternating-current distribution, and this is 
not suggested, and is only intended to show the pretentiousness 
of the title. Each of the above items controls a cardinal 
point of design, such as: 

1. Cavitation, as detailed before. 

2. Length of break. 

3. Shape of contact. 

4. Escape of generated gases. 

5. Capacity of arc cooling medium. 

6. Speed of operation. 

7. Disposition of forces and potential limitations. 

Leading designers therefore attach considerable attention to 
these in conjunction with the standard application of switch 

design. . 

The general tendency of manufacturers is to standardize, 

and scientific treatment of problems would materially assist 
towards that issue. The production of many designs indicate 
the incomplete knowledge of the subject. Statements referring 
to kilowatt capacity without other qualifications are of no 
value whatever, and could not be defended legally without 
classification. If, however, classification is possible in order 
to d efin e limits of expression, it is very questionable if the form¬ 
ulas would satisfactorily cover design, due to an instability of 
phenomena arising from rupture. Practical tests of designs 

are repeated under variable conditions for the purpose of judging 

the performance of the switch, but such tests entail considerable 
expense, especially when using the oscillograph, and very 
few manufacturers can afford this; those who have carried out 
such tests are reluctant to publish their records for the benefit 
of those who become competitive copyists.. . 

The rupture of a circuit introduces conditional changes, the 
transient phenomenon of which is so unstable as to be beyond 

theoretical equation. . . _ A ... 

The introduction of secondary superimposed effects, either 
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permanent or cumulative, arc forces not covered by kilowatt 
capacity ratings, and arc very destructive under certain con¬ 
ditions. The uiajorit y of breakdowns that come under this cate¬ 
gory are preceded by sury.es, distortions, etc. The oscillatory 
character of t hese secondary forces are proportional to the combi¬ 
nation of elements which they possess. 

'Hie question of power factor materially modifies the ruptur¬ 
in'- capacity of a switch; the greater the phase displacement, 
the lan-er must be its rupturing value, for the reason that a 
potential exists tending to restore the circuit when the current 
is zero.' This relationship between the voltage and current 
waves differs between the point of disturbance and its generated 
source, and the simultaneous value on opening the circuit de¬ 
pends upon the position of the switch relative to the cause of 
rupture and the known impedance, of the circuit. 

Switches of a cubical capacity ol, say, 4.5 cu. ft., designed 
to’rupture a definite kilowatt load at unity power factor, are 
gem-rally increased to 5.7 cu. ft. for the rupture of the same 
load at a power factor less than unity. 

l-Veder switches situated at substations arc relatively smaller 
insi/.e than those at main stations, as determined by the imped- 
ti„. circuit . In this connection there is alack of uni- 
f, ,i iiiit v of design, possibly due to the unknown technical prop¬ 
erties ot the circuits to be controlled. 

limit the instantaneous rise of current on the develop¬ 
ment. of a short circuit, reactors have been advised; their use, 
however, has been routined to stations of very high ratings. 

There is much that may be said for their use and introduc¬ 
tion but it is contended that, these additional links indicate 
the 'inritret hears:; of switches, and, as this is so, a develop¬ 
ment for improving the rupturing value of the switch would 
hi more engineering practise. Weak points in a 

chain of electrical transmissions should he ™nieched Ay 
duplication <•) links introduces further dupUcaUal Ws ^ 
increases possib.bi v of failures, It u switch is unable to deal with 
, he h .ad, its function is destroyed. If, however, reactors aremtro- 

H„es the position is changed, and as long as the resultant effect s 
eo.il r. .11,title mid of less danger than such a circuit without their 
inii'tbluwf i*>?u \Mrn tin: ilesign fa justified. . 

-n.i, „„t kMM u> refer * rmstm ox “' ,t ln ““I 

';! in, «„■ inlt-aMc value ,r the switch. The author 
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has already published calculations and experimental results of 
the effects of reactance on transmission circuits.. Speed of 
operation is of importance for disconnecting the initial supply 
of venerated forces, and the delay in opening is primarily re¬ 
sponsible for the insertion of reactance. Distortions resulting 
from initial rises are considerable, and their effects are de¬ 
creased in proportion to the increase of operating speed. 

Tests have been taken on an alternator for the purpose of 
ascertaining the short-circuit current at different speeds m 
opening. Alternators have variable characteristics and these 
results were taken from a 6000-volt, 5000-kw. machine with 
an estimated internal reactance of 3 per cent: 

Speed. Current. 

0 1 of a second. ' 30 times normal. 

0.3 “ 20 

0.6 “ 12 “ 

— .1 second. 3 

2 3 

In the actual tests taken on switches, referred to in the first 
portion of this paper, the switches opened, acting “instantane¬ 
ously,” in0.4of a second; thus the current rise would be in the 
neighborhood of 17 times normal; or, when the switch is m the 
off position, eight times normal. The solution of the difhcu ty 
is in opening a circuit before such rises appear destructive, and 
on those grounds time delayed switches do not satisfactorily meet 
such a demand. With the above explanation, the kilowatt 
capacity of a switch is dependent upon the time taken m 
opening the circuit, the initial rise being in inverse ratio to the 
time, fluctuating in proportion to the component elements o 
the circuit. Independent of these calculations there must .be 
incorporated provision for excessive e.m.fs., and for the condition 
of generators being dead out of phase, by which we get full 
potential and a leading current if the field is broken. 

E.m.f. rises have been dealt with in the first portion of this 
paper, and are only referred to in this section as affecting kilo¬ 
watt capacity and its important bearing on the question. 

It might be assumed that from the above results of current 
rises a time delayed switch is more serviceable owing to the 
short-circuit current diminishing to within limits of normal 
rating. Provided such rises are of little danger to the gear or the 
system, there is no use of quick-acting switches or re¬ 
actances, and the switch installed may be of smaller dimen¬ 
sions than that of the quick-acting type proposed. 
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The insertion of 5 per cent internal reactance, limits the short- 

original capacity to half, such reactances being dW 

Pe The t qSsron a of e external rTaXrs forms a problem in itself 
inS^t their situation on 

treatment. External reactors on the msich ^ ^ 

ab °J ouos ^ffer the same possibilities and may prove to be of 
little value whatever under any eventful conditions of ^tur - 
Switches situated beyond reactors m a feeder will be 

governed by the resist*nce ■and reac tTeZo 

SSStTi - per cent resistance andS per cent 

reactance, we have = ? pgr cent approx . 

If transformers (static) are_ controlled, their internal react¬ 
ance must be taken into consideration. , iqn 

Sr Ferguson published in the Bee, naan. Dee. 5th, 1913, 

a table as below, forming a basis of desigm^_ 


Increased 

Normal Len g tb of Resistance Reactance Impedance WHn^ 

kv-a. feeder in drop at fuU drop at Ml d^^ switchin 

plant. miles. load of d (time substation. 

(percent.) Jr.nt.) (P^ cent.) normal) kv-a 


These figures are from calculation, and are given to show 
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and capacity. The question of method of operation enters largely 
into the discussion, whether the system is solidly earthed, par¬ 
tially grounded, or having an insulated neutral. The current in 
each feeder on grounded neutral can be limited by a resistance in¬ 
serted in the mid point of the star winding, the voltage to 
earth being proportional to the amount of resistance, and the 
current flowing. By such practises conditions worse than the 
unlimited rise of current can be obtained. Whatever system 
is adopted, the kw. capacity of the switch is again modified, 
and its design rated accordingly. It has been suggested that 
the rupturing value of a switch should be based on the watts 
dissipated at a definite temperature consistent with its other 
technical proportions, and in this connection it is very peculiar 
that rating errors are still published concerning the air-break 
switches where the watts dissipated at a definite temperature 
are omitted and the contact area and current density given. 
Most of such specifications disagree, with the result that 
the principal feature of a switch becomes obscured. As this is 
so on standards that have been built for years, a certain vari¬ 
ation may be permitted in calculations on recent modern de¬ 
signs, but, at the same time, in the interests of technical 
advancement, we should approach the question in a more 
serious manner, and endeavor to standardize on the best 
scientific grounds. 
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Discussion on “Arc Phenomena” (Collis), San Francisco, 
Cal., Sept. 16, 1915. 

E. B. Merriam (by letter): Mr. Collis has given us some 
very interesting data concerning arcs as influenced by the 
shape of contacts in oil circuit breakers. It. will be observed, 
however, that his results were obtained with comparativ el\ 
small currents and moderate operating pressures, i.e., 200 to 
300 amperes at 6600 volts. Consequently, the arcs produced 
were comparable in magnitude with the contacts used and a 
very decided mutual influence should be expected. 

In actual operation, however, little difficulty is encountered 
in interrupting circuits of this magnitude. It is only when 
the currents are from 10 to 100 times the values of Mr. Collis s 
tests that the circuit-interrupting limits of the available break¬ 
ers are reached. In connection herewith, we have made a 
laree number of tests on high capacity circuits with currents 
of from 5000 to 20,000 amperes at 900 to 5000 volts, 25 and 
60 cycles These tests have indicated that the arcs are so 
large when compared with the size of the contacts that the 
shape of the contacts has little influence on the circuit in¬ 
terrupting capacity of the breaker. As a matter of fact, I 
ffirubt very much if a breaker rated at 10 000 kv-a. could have 
A: onTn tacts so modified as to increase its rupturing capacity 
to 15 000 kv-a. Consequently, I think Mr. Collis s results, 
while of considerable interest, are of academic value only and 
of but little assistance in practical design. 

In discussing the contacts of oil circuit breakers, however, 
it must be remembered that their principal functions axe to 
carry 1 and interrupt currents. Their shape is influencedL not 
so much by the circuit interrupting capacity of the breaker 
as it is by Y their ability to withstand burning and yet retain 
«i,w carrying properties under these conditions. It 
ff assumed of course m this discussion that the breakers are 
provided with suitable burning or circuit interrupting contacts 
as in all modern designs. These are usually so arranged that 
?hey remove the arc from the current carrying contacts and 
nrotect them from the burning produced by an arc. 

P n™ oS which is not mentioned is, however, I thmk, of 
considerable importance. This is the influence^ 

s s^TsoSe ? f 

‘Vmay'be'tawesting to record that as far back as 1902, 
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we investigated arcs under oil, observing their effects through 
transparent oil vessels. The first observations were visual 
ones made by means of a telescope. Later, Mr. Lichtenberg 
made a very interesting photographic study of transient arcs 
in oil. He developed and used a miniature oil circuit breaker, 
one model of which is shown in Fig. 1. This has a glass tube 
oil vessel and a moving contact, spring actuated, which moves 
upward wfhen interrupting the circuit. The earliest pictures 
were taken about four years ago with an ordinary camera. 
A representative result, illustrated in Fig. 2, shows the arc 
formed w T hen a 6000-volt, 25-cycle circuit carrying about 50 
amperes at 0.45 power factor is being interrupted. The arcs, 
of which this is a sample, lasted about one-half cycle. Never¬ 
theless, he has recently been able to obtain a number of suc¬ 
cessive pictures of these arcs illustrating their formation, ex¬ 
pansion and extinction. One such record showing six stages 
of an arc is illustrated in Fig. 3, while Fig. 4 shows a similar 
analysis of the opening operation of a type F form H-3 oil 
circuit breaker. 

The method of force measurement described by Mr. Collis 
and illustrated in Fig. 11 of his paper has been used by various 
investigators for some time. It is open to the serious objec¬ 
tion, however, that it indicates the pressure or force at a point 
remote from the arc without in any way giving a clue to the 
pressures in the neighborhood of the arc. It is becoming rec¬ 
ognized more fully every day in this connection that arcs 
produced in oil while interrupting a circuit represent a form 
of transient phenomenon having a very intricate mechanism. 
We do know that the amplitude of the pressure wave created 
by the arc is transmitted through the oil at a very rapidly 
diminishing pressure rate but the results reported give no idea 
of this rate. Some tests which we have made indicate that 
the pressures in the neighborhood of the arc are of the order 
of 5000 or 6000 lb., while the maximum pressures recorded near 
the walls of the container have been of the order of 500 lb. 

Speaking of force distribution in an oil circuit breaker, 
I cannot quite agree with Mr. Collis’s observations regarding 
switch bursts. We have found that the bottoms, as well as 
all.four sides, of rectangular oil vessels will be distended as 
a result of the forces produced by the interruption of a circuit. 
This would seem to indicate that the pressures produced by 
an arc are approximately equal in all directions. I cannot 
but think that Mr. Collis has failed in his analysis to take into 
account the customary design of rectangular oil vessels for 
oil circuit breakers. 

. usual design of triple-pole oil circuit breakers, the 

oil vessels are rectangular having sides approximately equal. 
Those parallel to the plane of current flow are usually provided 
with fastenings for attaching the oil vessel to the frame, while 
those perpendicular to the current flow are not so reinforced. 
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It is perfectly natural in this case, therefore, that the sides 
perpendicular to the current flow being structurally weaker 
than the sides parallel thereto should be the first to give evi¬ 
dence of distress. It has been our experience, though, that 
too much stress should not be laid on the results of switch 
bursts or failures which occur under operating conditions since 
usually some point of importance in the operation of the de¬ 
vice is not available for examination at a. time following such 
failure. In addition, the mechanical design of the vessel has 
considerable bearing on its performance under abnormal con¬ 
ditions. 

Mr. Collis refers to the increased resistance to breakdown 
which gases impose at high pressures, which leads us to be¬ 
lieve that this phenomenon is of assistance during circuit in¬ 
terruption under oil. As a matter of fact in an oil circuit breaker, 
we are concerned principally with arcs, i.e., with ionized gases, 
which behave very differently from gases in which there are 
but few free ions. It will be interesting to learn more about 
the properties of gases under pressure, arcs in oil and the vacuum 
created by an arc. These points, if adequately explained, 
will go a long way toward solving the problems in hand. 

No data are presented by Mr. Collis to substantiate his claim 
that rupturing arcs by a multiplicity of breaks or gaps, or 
by the addition of a shunted resistance, is not along the lines 
of correct development. Yet he states that a multiplicity of 
breaks increases the rapidity with which the circuit .may be 
interrupted and for heavy duty switches is a necessity. It 
will be interesting to obtain the view of oil switch designers 
and experimenters and other interested individuals along this 

line of reasoning. . 

The speed of operation of an oil switch or circuit breaker 
is discussed by Mr. Collis. As I have previously pointed 
out, however, care must be taken in such discussions to dis¬ 
tinguish between the so-called mechanical and electrical time 
of a switch. The so-called mechanical delay, is the interval 
between the instant the overload relay, or trip, or other, re- 
lease-actuating device of an oil circuit breaker is energized 
and the instant the oil circuit breaker contacts part. The 
so-called electrical time is the interval between the instant 
the contacts part and the instant the circuit is interrupted. 

A better understanding of these intervals may be obtained 
from Fig. 5. The so-called mechanical. delay would, then- be 
of the order of about 0.22 second, while the electrical time 
would be anything between zero and 0.33 second.. The me¬ 
chanical time may vary within wide limits, depending on the 
setting of the relay, the time delay of. the mechanism and 
other operating details. The electrical time will vary through 
rather narrow limits, however, depending principally on the 
current, voltage and power factor of the circuit to be inter¬ 
rupted, the velocity with which the contacts part and the 
medium in which the arc is developed. 
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It is obvious from this explanation that Mr. Collis’s quick¬ 
acting switch is one which has a short mechanical delay and 
that it will be called upon to open the circuit at a less favor¬ 
able point of the current transient (see upper curve of Fig. 5) 
than one having a longer mechanical delay. Hence, a breaker 
with short mechanical delay will need to have a much larger 
circuit interrupting capacity than one having a long mechanical 
delay. This point has usually been cared for in the recommenda¬ 
tions of American manufacturers but I have thought • it ad¬ 
visable to again call attention to it as Mr. Collis’s treatment 
may lead to a misunderstanding since we have a different 
meaning of the term quick-acting switch. We usually under- 



TIME IN SECONDS 

Fig. 5—Alternator Short-Circuit Characteristic and Oil Circuit 
Breaker Opening Time Characteristic 

stand such a device to be one in which the electrical time is 
short, not the mechanical time. 

So far as our experience goes, we find that no serious abnor¬ 
mal voltages are introduced into a circuit if the electrical time 
of the breaker is so short that it interrupts the circuit in not 
less than one-half cycle. Up to the present time, however, 
the mechanical difficulties encountered in making a suitable 
breaker mechanism so that a circuit will be interrupted in less 
than one-half cycle, even on a 25-cycle circuit, have been so 
great that the devices proposed are yet in an experimental 
stage. It is not, therefore, to be feared that any quick-acting 
circuit breaker now on the market, or likely to be introduced 
in the near future, will produce dangerously high pressure rises 
in the circuits to which they are connected. 

In connection herewith, it is interesting to note that Mr. 
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o. Fact'ini i presented a before the Institute a!«.>ut four 

voar; aeo in which ho :.;avr ■> . i!’.---r.tcs <.f pressure rises when 
’various" portions of high -pressure eireuiis won- connected and 
disconnected from large power system*. These oscillograms 
w iH } , u f;,r so substantiate the procure rises .(’..served t»y 

Mr. Mollis hv means of spark pans. , 

() U l!u . fa il pace of his paper, Mr. I ollis mentions, the wad* 
dissipated hv air-break and oil break switches, hinting at a 
no.-ii.le eminent ion between the energy dissipated and the 
ratirn- of the swileli. It will he verv interesting to learn more 
concerning the amount of energy dissipate 1 hi svvitehes when 
interrupt me, circuits and its relation to the circuit interrupted. 
\1 .o it will he instrnetive to know the rein:nut be!ween kilo¬ 
watt rupturing capacity and the ‘‘emnpoitnd uni! volume ot 


a switch. 

Chester Lichtenberg: 
briefly descriptive uf 
ties of several t vpe d 
sioii gained from litem 
duee a lower pressure rise when interrupting a 
l.hau a magnetie blowout circuit breaker, 1 hi 


Mr. t'olli ■ 
the eitvuit 
dm, circuit 
is that an 


gives tables and records 
interrupting eharacteris- 
breaker ■, The impres- 
nibhreak switch will pro- 
d e. circuit 
is emitrarv 


nut onlv to the physical phenomena, which we believe te ae- 
ei imp,anv the interne i. at of n. h a circuit ov tlie-.e two ' ,'•* 
of devices, bill is a!. < ill direct variance Wi .1 the .'S tier tenet ■ 
we have gained trout a large numhrr o! >b* eiremt ui emij> Hi;'. 

tests, with various kind" o! breaker ,• 

t .it idei a magnetic b!».w-*«ul • mm' breaker .'4ieh a . mdt- 
iiarilv used on power . it. nit It will u-imUy have a rnis 

! .low-out coil who e elect t Seal.itmem imi are m.il! e. .snpaied u it t 
the electrical dimen imis ».* the eiremt to which U i • eomiceted. 
Then during a eirenii interruption, when the breaker contact-. par 
and the magnet ie blow mil coil i introduced mlo the nreuti. 

I here will be produced no appreciable alteration m the fill runt. 
Abo. 4nee the magnetic circuit of the breaker has mi mr gap 
,’,f high reluctattee when compared to the rest "1 the magnetic 
r ir*nit of the breaker, the magnetic field wtU be quickly binned. 
This held acts to distend the are and produce a diminution m 
the circuit curt cut by ineiva-ing it"- reidance. At brsl. I lw 
effect of the blow out i strong since the eurteul is high and 
the resulting ti.-ld mien r A the circuit, current diminishes, 
however, the blow-out held dimhd he, ill miens,tv and en- 
in* idem ally the blow-out etfee! is reduced until at the end ot 
the eve]**, the are i. gradually extinguished. , 

Now consider an oil circuit breaker interrupting n d-‘;* 
«*ir«-nii. When the contacts part, an me i* formed Hu. 
j ir , on the oil and ga itir . it. producing a relatively high pfe- 
sine in the immediate vieinis V Ml the contacts, , the g.t volt:, 
bodv, being initially equally re i td in all directions, assum^ 
a spite,teal I, ape ,. indicated bv the photographs dw.tlva.il 
by Mr Merriam. Thi * shape is relumed until, through ex- 
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pansion, unequal external pressures are exerted on the gaseou- 
body by the walls, or barriers, or other parts of the contains 
ing vessel. Then the gaseous body shape changes and finally 
it breaks, resulting in an explosion which extinguishes the arc. 

The effects on the circuits when these two types of circuit 
breakers are used to interrupt an inductive d-c. circuit are 
shown by the two representative oscillograms reproduced as 
Fig. 6 and 7. The magnetic blow-out circuit breaker record, 
Fig. 6, is that of the interruption of an inductive d-c. circuit 
carrying 1450 amperes at 2400 volts. The circuit breaker had 
a series coil which was connected in the circuit by the parting 
of the circuit breaker contacts. It is seen that the arc lasted 
0.20 second and that at its extinguishment a pressure rise of 
410 volts, i.e., 17 per cent of the line pressure, was produced 
in the circuit. The oil circuit breaker record,. Fig. 7,. is that 
of the interruption of an inductive d-c. circuit carrying 500 
amperes at 550 volts. The arc lasted 0.05 second and at its 
extinguishment a pressure rise of 5500 volts, i.e., 1000 per cent 
of the line pressure, -was produced in the circuit. 

The two oscillograms shown are representative of several thous¬ 
and tests. It is seen therefrom that when a magnetic blowout cir¬ 
cuit breaker interrupts a circuit, the current seems to diminish 
rapidly at first and then more slowly until it is gradually re¬ 
duced to zero. When an oil circuit breaker opens a d-c. circuit, 
however, the current Is diminished with increased rapidity 
until at the end, it is suddenly reduced to zero very rapidly. 

Mr. Collis leads one to conclude that the magnetic blow-out 
circuit breaker with a strong magnetic field produces a ^wer 
pressure rise than one with a weak magnetic blowout he . 
This reasoning is based on tests given in Mr. Collis’s book on 
4 * High and Low-Tension Switchgear Design but seems to be 
neither clear nor comprehensive. . 

Our experiences have indicated quite contrary results to 
those cited by Mr. Collis. This may be because all the factors 
in the operation of a magnetic blow-out circuit breaker have 
not been considered by him. One of these is that .the elec¬ 
trical dimensions of the usual magnetic blow-out circuit breaker 
are small compared with the electrical dimensions of the cir¬ 
cuit which it is interrupting. Another of these factors is the 
variation of performance with current. . 

If we subject a magnetic blow-out circuit breaker to a senes 
of tests at constant pressure but gradually increasing currents, 
we find four distinct zones of operation. At relatively 
low currents, the circuit is interrupted slowly and the arc is 
of a “flary” nature. With larger currents, the circuit, is inter¬ 
rupted more quickly and the arc is “ snappy,” the circuit in¬ 
terruption being accompanied by a sharp report. At still 
larger currents, the circuit interruption is still more rapid but 
the arc tends to hang and its extinguishment is accompanied 
by a “tearing” noise. If the current is still further increased, 





PLATE CXXVlil. 

A. I. E. E. 

VOL. XXXIV, 1915 


Iuciitenbkug] 

jf,o. ft—<Jsfii.UKiKAM OK Magnetic Blow-out Circuit Breaker 
Interrupting Inductive Direct-Current Circuit 



iooo ton 


I**.*V**t*: 


m * . 


.***#**»• 


(UCXmSNBKKG] 

Fu;. 7 Oscillogram or On. Circuit Breaker Interrupting Induc- 
tivk Direct-Current Circuit 














































UH5] 


!)ISi'rSSloN AT SAX FRA X Cl SCO 


VM 

■ y* hi 1 1 will hi' found it whifli bno an* holds and tin* eirnuili. 
nm iniof.ru plod, This. indioatus vital with sruaU uunvnby bit 
dm* i of tin,? maynui.iu blow-out in small, With Inmur runvnls 
i* ' urotnos ni*»ru offou! tvu, uni il a point is. ruarhud whom t h< 
vbmnu of ilit* an* inuma m m<*m rani*fly !lam : 1 us blow-on 
on ■ * and ilia miv la »ld 

W ni W. Harris: \W ;uv at tin* pmnfjtl lima nnrkiu: 
li: 'a fa., whiali to da/imi oil nwkuhun. Mr. Collin pmsom 
’ a*. j s y ut I »;r-.t*d larynln tat urns of *iflH and abb avnot/ivs a 
biVMU \ "111; , 'Hi*- vm v pnmv ' and rhoapusl uf oil swi'uhu 

s ’ ’ ' 1 - s’ : n i. hi unman wt hour injury. In last 

mm aa m: m<r ’ vac inns; rn; a-'I vvi’il sandy »a •« n iti bn*s'! Ms’ 
bums da/, manmny jno vbna* naans bow of ‘!ii=; inapmUKk 

* -r m tad or anmasssa. h.,. ; ad ».»!i nunh UbW, may !savf,...% dsn' 

! ; ■. ,t * a u ■; ‘ r 

f 4 ' 4 " •» • nn ! - 1 to in * d ni a!-* , didVr from any ilia 

i bra." i «n n •, ns as a- !s ; si variunuu with all thr it*a 
’* T 1 i * » '* os I ’ ‘!t » Is a* i’ bn* b ip "b whin* 

la ! > * * ! i isba w-lma b». . *• r'd* o a bio wind* h» *wn i’ 

I ’ o, i ' 1 mm* \\'t ham/ mdiuai'i! ) ul fhu trail 

os/; a t*/■»/ h 1 mu /oaahs/ . a, yahu * Is- fatal arm and ws Inn! ilia 

* - v ms on /mo hr:u, ■".- t.. ■/» ab mb/ n> * aiviny Oam.*/ plauo bin Woo 

'bn/ wsmn p/s.a's n/hmh: no- 'd inars! by bm Wuiliny phvu 
m/' s So ’ .as. S' s: a. hovr Wd/ Mpmwd \.V*„ Ida. 0 sIjmW 
a a os sisdv nr*: ,/rs ah omu' btu.su uMUbtuVa tulluwhiy til 
r«'0"v — ,, , : .m ,i a a svmm bant'd **u bin mdn vd iho ban 

b' /• : , ' ' t • ... 

M ■ ! ' s / s n SO . s < mm.: SUV am nqmdl 

o ( . !•'• • • h-'-s, dm m Ibn t -wibi a XUl 

r arm - , noon . I . , . /o ; , ; , n id ym- ■ y, im my 

s * ;/, r ■ ■:...' O' - ■. n Th./. t-O", mr is HlUv t ! ba 

o|>: » ? ■ r. . ■■/ h- . / , ... ./ . t dt.f« li * n/sa/ aflfl 

find 01 rr" ■ O, /.:■/■ t; - .«. /O,,/ r A S .oh S,; f ■:.' „U ft. < WoUf 

tm-i'/S S' Ov ■/; : d/.:/...; ■:/■/:... 0; . > ■ d(...n >.-]■. ■ ‘'ays/f fms'lj 

., ' S . /...:■■ ■ ■ '. ■,/ ". ■ : '."./;■/• . /;■ "S f r :. Sir / :, "iVS'riit: 

:. ; 0, v:. 1 ' . OO ■ . - /.: S / s .,/":/■" ; v. n" . bua ;i*smo Si 


»■> ,1 ft i 






1948 


ARC PHENOMENA 


[Sept. 16 


of sustained arcs the creation of a number of coreless vortices 
defeats the primary object of the switch designer.’’ How 
are the coreless vortices formed, what harm do they do, and 
how do they defeat the object of the designer? 

(d) “Fig. 9 illustrates the large amount of gas force exposed 
to the oil.” What is gas force, and how is it exposed to the 
oil? 

(e) “ Academically it (kw. capacity) is understood to mean 
the compound unit volume of a switch.” What is the com¬ 
pound unit volume of a switch, and how is it related to kw. 
capacity? In our usual practise in this country we do not 
rate an oil switch solely on its cubical contents, as we think 
that the speed of break, and other considerations, enter into 
the value of this term. Where is the term so “academically 
understood”? 

Mr. Collis’s oscillograms, Figs. 15, 16, and 17, are represen¬ 
tative of many tests on heavy currents. The method of con¬ 
nection shown in Fig. 18 is not, however, the most convenient 
one, as the potential element of the oscillograph is connected 
directly to the generator terminals. A better method is to 
connect one terminal of the potential element to the line term¬ 
inal of the pole of the switch to be tested. In this way the 
opening of that pole will cut off the voltage wave if that par¬ 
ticular peak opens the circuit. If the circuit is opened pre¬ 
maturely somewhere else the current wave ceases before the 
voltage wave. This method of connection is standard in 
such tests in this country. 

Considering the oscillograph records, Figs. 15, 16, and 17, 
in Mr. Collis’s paper, it may be said that these are fairly 
representative of the conditions under which a circuit breaker 
opens. It is evident from inspection of these records that the 
events recorded on the left-hand side of the record occurred 
first. This is shown by a sharp drop on the heavy line which 
represents the voltage curve, this drop being due to the sudden 
application of heavy current. It is also evident from the fact 
that • the current line rises very sharply to meet the normal 
curve of the current which thereafter follows. It is also evi¬ 
dent from the fact that the current gradually decreased there¬ 
after, this decrease being due to a gradual dying down of the 
current as observed in many tests of this kind. It is also 
evident from the small peak of the voltage wave at the instant 
the circuit is broken. 

While these records show that the current wave resisted 
for seven alternations, five alternations, and five alternations 
respectively, it must not be supposed that the actual arc be¬ 
tween the contacts held on for any such a length of time. 
It was, of course, necessary for the armature of the trip coil 
to move, for the latch of switch to be released, and for the 
mechanism of the switch to move sufficiently to separate the 
contacts before any actual arcing between the contacts took 
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place. As a matter of fact, in switches of this type operating 
on currents of about the magnitude shown in these records, 
it has been found that the actual duration of the arc between 
the contacts is practically always less than. one alternation. 
On heavier voltages, or in cases where the switch was seriously 
injured on such tests, the current has been observed to hold 
over, but in successful tests at 11,000 volts and below, the first 
current alternation after the arc starts is the last. This may 
be regarded as normal operation. In other words the first 
six alternations of the current wave in Fig. 15 represents the 
time taken by the switch in getting under way, and a portion 
of the last alternation shown at the right-hand side of the 
negative, and above the zero line, represents the actual dura¬ 
tion of the arc in the switch. 

Careful measurements of the voltage of arcs across the con¬ 
tacts at the instant of opening show that such arcs are of quite 
low voltage, and that they terminate practically at the cur¬ 
rent zero line. 

Unfortunately the peaks of the current waves in most of 
Mr. Collis’s records go off the film so that it is impossible to 
exactly place them. Many tests made by the writer indicate, 
however, that the last wave on which the break takes place 
is rarely materially lower than would be expected from the 
natural decrease of the current. In other words the resistance 
of the arc under the oil is not sufficient to materially. alter the 
height of the current wave above the zero line. This is very 
different from the conditions found where air-break switches 
open direct currents. In a gravity-accelerated oil switch the 
switch contacts in a single alternation can move only a very 
short distance, probably less than \ im, and one would not 
expect an arc of 2300 amperes, and \ in. in length, to have 
any material resistance. 

It is to be noted that the current in the records shown m 
this paper ceases absolutely at the zero line, this also being the 
case in oscillograph records of each test which the writer has 
examined. It is evident that the arc is holding over strongly 
as the current values approach zero, and it is evident that 
as the current values seek to cross the zero line something 
happens that makes it impossible for the current to reverse 
its direction. The writer cannot conceive that, this is any 
physical movement of the oil. In other words when the curve 
reaches the zero line a very heavy arc acting on a hydrocarbon 
oil produces a considerable pressure thereon. The writer 
cannot believe that, in the small fraction of a second that it 
takes for the current to cross the zero line, this pressure 
can decrease to zero or below, and that the surrounding oil 
can be accelerated and projected into the arc area to a suf¬ 
ficient degree to produce any material change in the con¬ 
ditions in that area. * , . 

It is my personal opinion that what has occurred is tins: 
The heavy arc has been drawn through a hydrocarbon oil 
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and the intense heat thereof has vaporized a portion of the 
oil producing a hydrocarbon vapor, and very possibly free 
hydrogen. These hydrocarbon vapors are mixed with metallic 
vapors, the arc path consisting of a mixture of hydrocarbon 
and metallic vapors. In any ordinary current the proportion 
of hydrocarbon vapors is probably far in excess of the metallic 
vapors. The gases in the arc path must act as a rectifier, that 
is they resist reversal. 

In all his examinations of oscillograph records of heavy 
short-circuit tests made at voltages below 11,000 volts, the 
writer has never seen a record of a successful switch opening 
in which the arc has held for more than one alternation. In 
other words where the switch has successfully opened the 
circuit, it has done it in one alternation of the arc. 

To determine these facts it is, of course, necessary to use 
refinements of testing not disclosed in Mr. Collis’s paper. 
For example, it is necessary to use several oscillograph ele¬ 
ments, talcing a voltage reading across the break, another be¬ 
yond the break, and one at the machine terminals. It is also 
desirable to take the current in more than one phase, and 
preferably in all three phases. The writer has also found it 
very desirable to provide auxiliary contacts on the switch 
mechanism so that the exact degree of separation of the con¬ 
tacts can be determined by the oscillograph at any point on 
the current or voltage waves. 

Summing up the writer’s view of the case, it may be said 
that an oil switch does not open the circuit by any quenching 
or cooling action of the oil itself. The arc is drawn through 
a hole in the oil which is filled with hydrocarbon and metallic 
vapors, and the nature of this arc is such that normally no 
reversal of current is possible. So far as I am aware this is 
a new theory of oil switch action. While it is entirely possible 
that I am in error in this connection, I believe this theory 
to be supported by the many experiments and tests which I 
have analyzed, many of which have been published. 

W. D. Peaslee: I feel that there is a little divergence of 
view in the paper and discussion as presented. Consider 
these pressures, for instance, which Mr. Collis gives, of 70, 
63, 61, 78, etc., and some mentioned in discussions going to 
5000 lb. If you take a charge of gun cotton and explode it 
in a large body of water, you will get low pressure under certain 
conditions. If you then explode the gun cotton in a steel 
case you will get high pressure. As to the form of switch 
where the arc is thrown out through a series of baffles, it has 
been my understanding from conversations and arguments 
with the manufacturers of that switch, especially in connec¬ 
tion with competition on commercial bids, that the arc is 
blown out violently by the cannon-like action of the arc gases 
blowing through these holes and flowing around the baffles, 
and that the arc is confined in a large steel case for the purpose 
of generating these high pressures. 
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The pressures given by Mr. Collis are obtained in a free 
body of oil and are simply a measure of the diffusion of the 
traveling wave of force through a free body of oil. As to the 
6600-volt, hand-controlled switch, if you take. that and nil 
it with oil, so there is no air in it, and create an arc in that switch, 
you would find that the same pressures appear. You will 
have high pressures in any confined space . in which explosions 
take place, but we all know the oil switch is not built that way. 
The ordinary small capacity oil switch of 6600 volts, 200 am¬ 
peres, is built with a free body of oil, and the wave of force 
which goes out dissipates itself very largely in the boiling. 

I remember back in 1907 opening some of the old type of oil 
switches we have here on the Pacific Coast, and opening them 
on short circuits of 66,000 volts. I know, that the oil went up 
around the ceiling and the top of the oil switch went up and 
all sorts of things happened. There was not much force there, 
probably not more than 400 or 500 lb. per sq. in., but if the 
switch had been confined in a steel case there would have 

been very high pressure. . . 

As to the multiplicity of breaks,. I think that the various 
discussers and the author are considering the matter from 
entirely different viewpoints. 

As to quick-acting switches Mr. Colhs says: In com¬ 

parison, a quick-acting switch must have a greater rupturing 
capacity than those of the slow type, their rates being, within 
limits, proportional to their time elements.” We have had 
a long discussion, and at the end of it I think only one of the 
discussers missed quoting that sentence, stating that without 
the aid of a diagram it Is difficult to .understand. I think 
the apparent variations in the discussions are due to the fact 
that we are not discussing the same thing. 

In reference to the magnetic blow-out, I have done some 
oscillograph work on that myself, and I think the difference 
here is that a voltage rise may be on. the line or across the 
switch. You will note that Mr. Collis says: . Apart from 
the time taken in opening the circuit the extra inductive rise 
is due to the separate coil for the production of a magnetic 
field. This coil is short-circuited when, the breaker is m the 
closed position, but in series with the line when opening the 
circuit. As there is an appreciable time taken up in the build¬ 
ing of this field, which is not at its greatest density when the 
arc is first formed, a choking effect is introduced and the re¬ 
sistance being low, the back e.m.f. assumes a high value, so 
that if the turns are doubled the induced e.m.f. is quadrupled, 
the current being one-fourth.” I think that is simply another 
case of working on two different things, the discussers re¬ 
ferring to one pressure rise, that on the line, and from my 
impression of the paper I think Mr. Collis s references are to the 
pressure rise across the switch. 
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EXPERIMENTAL RESEARCHES ON SKIN EFFECT IN 
CONDUCTORS 


BY A. E. KENNELLY, F. A. LAWS AND P. H. PIERCE 


Abstract of Paper 

The results are given of about one hundred series of tests, 
each covering a range in frequency up to about 5000 cycles 
per second, on the impedance of long loops of parallel con¬ 
ductors of different metals, sizes, and cross-sectional forms. 

The measuring apparatus is detailed. The theory of the skin 
effect in solid rods and in indefinitely wide flat strips is 
appended in a new and simplified form. 

T HE FOLLOWING researches were conducted, under an 
appropriation from the American Telephone and Tele¬ 
graph Co., at the Massachusetts Institute of Technology m 
the Research Division of the Electrical Engineering Depart¬ 
ment, during the year 1914-15. In the early part of 1914, they 
were carried on under the directorship of Prof. Harold Pender. 
They date their origin, however, to M. I. T. thesis work under¬ 
taken in 1912-13. 

Brief Early Historical Outline of Skin Effect Research. The 
first mathematical' discussion of auto-distorted alternating- 
current density in a wire appears to have been given by Max¬ 
well in 1873. Heaviside contributed an extensive mathematical 
literature to the whole subject in 1884-1887. J. H. Poynting 
also contributed to the mathematics of the subject in 1884- 
1885. Hughes developed the experimental side of the subject 
in 1886. Lord Rayleigh in 1886 first gave the formula for 
skin effect in an infinitely wide strip. Dr. H. F. Weber in 
1886, J. Stefan in 1887 and Lodge in 1888 contributed further 
material. Lord Kelvin gave the expression in ber-bei functions in 
1889. Hertz in 1889 and Sir J. J. Thomson in 1893 discussed the 
subject both from the experimental and mathematical stand¬ 
points. Mr. J. S winburne used the term “ skin-effect ” in 1891. 1 

1. Discussion on the paper of Dr. J. A. Fleming, “ On Some Effects 
of Alternating-Current Flow in Circuits having Capacity and Self-In¬ 
duction,” Journal. Institution of Electrical Engineers, London, Vol. 
XX, May 1891, p. 471. 
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Current-Distortion Effects. The phenomena to be discussed 
relate to distortions in the distribution of current-density over 
the cross-section of conductors, and may therefore be summed 
up under the title of u current-distortion effects .” These effects 
may be subdivided into three classes as follows: 

1. An effect due to disturbance of current density in a con¬ 
ductor due to the alternating magnetic flux linked with the 
same, as in the case of simple, straight, round wires remote 
from return conductors. This is the “ skin-effect .” It may be 
regarded as due either to imperfect penetration of electric cur¬ 
rent into the conductor, or to the greater reactance of the 
central core of the conductor with respect to the surface layer, 
whereby the current density is less on the inside than on the 
outside. 

In a uniform solid round wire, the skin effect is symmetrical 
with respect to its axis. In solid wires of other than circular 
form, the skin effect is, in general, dissymmetrical. 

2. An effect found in spiralled stranded conductors and due 
to the reactance of the spirals. This has been called the “ spir- 
ality effect .” 

3. An effect found in parallel linear conductors of any cross- 
sectional form when in proximity, owing to the alternating 
magnetic flux from one penetrating the other. This may be 
called the cc proximity effect .” 

The entire phenomenon of current-distortion effect, includ¬ 
ing the skin effect as a subtype, may nevertheless be referred 
to broadly as “ skin effect” in conformity with current usage, 
unless a distinction is called for. 

Apparatus Employed 

The Mutual Indtictance Bridge. Professor Hughes, on as¬ 
suming the presidency of the Society of Telegraph Engineers in 
1885, delivered an address on “ The Self-Induction of an Elec¬ 
tric Current in Relation to the Form of its Conductor.” In 
carrying out the experiments there described, he used a form 
of bridge, which is diagrammatically shown in Fig. 1. Its 
peculiarity is that an e.m.f. is introduced into the detector 
circuit by means of a variable-ratio air-core transformer, or 
mutual inductance, shown at m in the diagram. The detector 
current can be brought to zero by adjusting the bridge arms 
and the mutual inductance. In the original paper, owing to 
an inadequate examination of the theory of this arrangement, 
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the results obtained were misinterpreted. Professor Hughes’s 
paper precipitated a lively discussion, in which Lord Rayleigh, 
Sir Oliver Heaviside and Professor H. F. Weber participated. 

One of the by-products of this discussion was the formulation 
of the complete theory of the Hughes bridge, by Professor 
Weber and Lord Rayleigh. Mr. Heaviside also showed. that 
the arrangement used by Professor Hughes was not as simple 
in its action as that obtained if the mutual inductance is in¬ 
serted between either the supply circuit or the detector circuit, 
and one of the bridge arms. Both the Hughes and Heaviside 
bridges are shown in Fig. 1. The Heaviside bridge has been 
employed in all the work here reported. 

The conditions for balance in the Heaviside bridge may be 
deduced thus: 


b 




The impedances of the bridge arms are denoted by Z and 
the mutual inductance by m . The r.m.s. current in any arm 
is denoted by I with the subscript designating the arm. 

At balance, the currents in the arms M and N are equal, 
likewise those in X and P. 

The potential difference between a and b, reckoned through 
the arm Z M ', 'must be the same as that via the arm Z x , and the 
detector circuit, and that between b and c , reckoned through the 
arm N, must be the same as that via the detector circuit and the 
arm P. Consequently 

Zulu = Zx/x + jm CO lx volts Z 2 (1) 

Z N Z M = Z P lx — & I* volts Z (2) 

2. The sign Z following the unit of an equation indicates that each 
side of the equation and every separate term thereof is to be considered 
as a “ complex quantity,” or plane vector. 










Zm_ = Z x + jm CO 
Zp J?Yl CO 


numeric Z (3) 


In these experiments, an equal-arm bridge was used, with 
reference both to resistance and inductance; so that 

Z M = Z N ohms Z ( 4 ) 

and the condition for balance becomes 

Z P - Z x = 2 jmco ohms Z (5) 

If R P ", L P ", i? x " and L x ", are the total resistances and induct¬ 
ances of their respective bridge arms, then 

jRp " - R x " + jw (X P " -L x " - 2m) = 0 ohms Z (6) 



Fig. 2—Arrangement of Heaviside Bridge 


Separating the quadrature components, we have 

R P " = Lx" ohms ( 7 ) 

L P " = L x " + 2m henrys (8) 

as the conditions for balance. 

As we have to deal with small resistances, the most satisfac¬ 
tory method of varying the resistances of the bridge arms is to 
use a slide wire, as indicated in Fig. 2. Also, to eliminate ex¬ 
traneous resistances and inductances, it is advisable to work 
by the method of differences, two balancings being taken, the 
first, with the loop short circuited, the second, with the short 
circuit removed. 

Actual Construction and Arrangement of the Bridge. To avoid 


trouble from stray fields, the various fixed coils of the bridge were 


wound on wooden rings, as indicated at M, N, X and P, Fig. 3. 


/ 
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The turns were fixed in position. by beiti;; wound m carefully 
siviced saw-cuts. Hddy eurtvut -Term in the mutual induetauee 
y . m ,i />, wire avoided. 1.V usinr f<*r the primary umdnn: 
.'i conductor made of 5HI mud. of No. Ill) It and S enamelled 
copper wire (diameter of each strand tl.Jo.i mm.I. 

'i'he primary wimlinr f*t tin* mutual inductance was rovered 
with a layer of tape. A thin, hard ml .her fine with equally 
spaced radial mv-euls erved d.-fmitelv to fix the secondary 
winding, which war. eatvndh wound outside of the primary; 
ho that it was spaced as nearly uniformly as. po iblc, the ana 
iVutp to obtain a uniform mutual induetanee per turn. Hv 
means of the radial arm. A, the number of arrive secondary 
turns'can be varied form it to SU. by • iny.h- turn steps. Values 



Flu. a- At h ,u A km a mvi mi s I or Humor 


intenneiliate between those yiveu by two eouxeentive turns, at* 
obtained by the me of the line adjust meat roil, shown at 1‘ .1 
This eoil of three reetatnudar turns, each 2.A cm. A U cm., is 
mounted wit I tin the wooden line, a ■ show it, and in mh h a manm i 
that, it eau be rotated about its longer axis, to inelnde a treater 
or lesser amount of the this within the primary windup* 

The ehany.it of mutual induetam-e due |»» turuinj; the small 
eoil, from the position ot mime, maximum * >» that >.<t pin*, te.axi 
ilium, i*. somewhal ; iv.i 1 r ri.,-o ri..>" d*.:>’ * 1 < 1 e.i- 'sis 1 a n*.ed 
secondary. din* lead, bv .*. ■ '•'*■>*. oj i ,*.« mail < oil e. 

read olT.’is o y.radnated ’.h ' , md. dm.-.ib, to tenths -4 a 

fixed turn, and, In estimation, to hundredths. 

Twisted pair, of wires are teed for all eonneelious, and are 
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cleated to the table, so that they occupy fixed positions. The 
positions of the leads ef and g h, are fixed with reference to the 
slide wire. Any induction effects are thus rendered definite,. 
and independent of the position of the telephone, which was used 
as the a-c. detector. Contact between the slide wire and the 
lead e f is made by a sliding spring clip. The functions of the 
switches show r n in Fig. 3 are as follows: 

By means of Si either direct or alternating current may .be 
supplied to the bridge. 

5 2 is a mercury switch, with ample contacts, by which the 
arms M and N may be reversed. 

5 3 allows either the galvanometer or the telephone to be used 
as a detector, for d-c. and a-c. bridge balances, respectively. 

5 4 reverses the terminals of the secondary winding of the 
mutual inductance. 

In order to cover the entire range of the loop resistances in 
these experiments, it w^as necessary to use two different slide 
wires. Each wire w^as arranged together with its lead, ef, on 
a meter stick, so that the change from one to the other could be 
effected with little trouble. To avoid any indefiniteness due to 
contacts, the joints at the ends of the slide wire were always 
soldered. Table I gives the data of the slide wires used. 

Check measurements of standard resistances and inductances 
were made at different times with the testing apparatus to make 
sure that it was in good order. 


TABLE I. SLIDE-WIRE DATA, 



Gage 


Resistance 

Change in induct¬ 
ance by moving 

Slide wire 
number 

B. & S. 

Material 

ohms per cm. 
k_ 

2 

slider 2 cm. 

P 

abhenrys 

1 

8 

German silver 

0.000280 

8.9 

2 

11 

German silver 

0.000810 

8.2 


Change of inductance per turn of the mutual inductance winding, 
K = 1342 abhenrys per turn. 


The Loop of Conductors under Test , The conductors under test 
were arranged in a single long loop, with parallel sides. They 
were placed out of doors, about four meters from the ground, and 



£Late cxxiX. 
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rested either on glass insulators or on dry wooden supports, as 
occasion offered. By the use of tackles, the wires could be drawn 
taut, their positions being thus rendered definite. Fig. 4 is 
from a photograph of the loop, taken from one end of the alley. 
Fig. 5 (which is not drawn to scale) shows the arrangement of the 
line terminals. The short links allow the line to be transferred 
from position 1 to position 2 in the bridge, see Fig. 3. The link, 
mounted on the spring, is for the purpose of short circuiting the 
line, as above mentioned. Its action is controlled at the obser¬ 
ver’s position in the testing room by the use of the electromagnet 
M. 

The observations are made as follows: The test loop is con¬ 
nected by the mercury cups to the bridge leads 1, (Fig. 3) while 



the bridge leads 2, are short-circuited. Two sets of readings are 
then made, first with direct and then alternating currents; one 
set with the line short-circuited, and the other with the short- 
circuit removed. The ratio arms, M and N, are then reversed 
and the readings repeated. The line is then transferred to the 
other side of the bridge; that is, to the leads 2, while leads 1 are 
short-circuited, and four more sets of readings are taken. The 
arithmetical mean result, given by the various sets of readings, 
is used in the computation. 

During the balancings, the frequency is determined by the 
arrangement later described. A typical set of readings is shown 
in Table II. The theory of the a-c. bridge balance, applied to 
the actual construction, is given in Appendix I. 
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TABLE II. 


Sample of a set of observations and calculations at one frequency in determining the skin 
effect of the No. 0000 solid copper wire, spaced 60 cm. between conductors. 



Using Slide Wire No. 1. 

T emp 
deg. 

Freq. 

Arms 

W 

W 

no 

n\ 

lo 

h 

h'~~W 

h—lo 

n\—no 

cent. 









cm. 

cm. 

turns 

25.6 

1600 

I 

51.42 

84.62 

4.32 

43.32 

53.15 

69.22 

33.20 

16.07 

39.00 



II 

54.25 

88.40 

4.47 

43.58 

58.15 

74.35 

34.15 

16.20 

39.11 



III 

50.66 

18.55 

5.28 

44.33 

52.55 

36.60 

32.11 

15.95 

39.05 



IV 

53.51 

22.12 

5.12 

44.07 

57.56 

41.72 

31.39 

15.84 

38.95 










32.71 

16.02 

39.03 


D-C. Resistance R — k(h — lo) (A) 

= 0.00056 X 16.02 * 0.008972 ohms 

R' h' — In' 32.71 

Skin Effect Resistance Ratio - =- = - = 2.042 (B) 

R h-lo 16.02 

Total Inductance of Loop L — K (m - no) +/t (li r — lo') (C) 

= 1342 X 39.03 + 8.9 X 32.71 
= 52378 + 291 = 52669 abhenrys 


Calculation of Inductance of Loop 

In the calculation of the inductance of the rectangle of conductor, the following formula 
was used. It is a slightly modified form of formula 107 by Rosa and Grover in the Bulletin 
of the Bureau of Standards, vol. 8, p. 155. 


L = 4 a I log, 


[‘ 


26 


+ 1- log,- 4 6 


“( 1 - 4 ) 


- — + -1 

a a J 


4* C (fl + 6) 


■ A + C (a + b) 


where a = cm. length of rectangle 

b = cm. distance between axes of wires 
d = cm. diameter of wires 
A = abhenrys external inductance 

Li' 

C = y — = skin effect inductance ratio 

C (a + 6) = abhenrys internal inductance 
L — abhenrys total inductance 
In the sample case given above 
a = 2703.6 cm. 

6 = 61 cm. 
d = 1.168 cm. 

L = 51082 + 2764 C 
At 0 frequency C =1 

and li = 2764 

At 1600 ~ W = 52669—51082 = 1587 abhenrys 

L i' _ 1587 

Li ~ 2764 


(T» 


0.5742 
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Electromagnetic Revolution-Counter . It was necessary for the 
observer to work in a soundproof room, distant from the ma¬ 
chinery of the laboratory. Therefore, to facilitate the deter¬ 
mination of the frequency, which must be measured with pre¬ 
cision, the following arrangement was designed and constructed, 
with the object of determining by means of a stop watch, the 
time necessary for the completion of a given number of hundreds 
of revolutions of the generator. The device (Fig. 6) consists 
of two members—a contact device which closes a circuit at the 



completion of each one hundred revolutions of the generator 
shaft, and a device for properly pressing the catch of the stop¬ 
watch. Fig. 6 is a schematic diagram of the apparatus. 
The contactor is at CW. It consists of a worm and wheel, 
with a ratio of 100 to 1. The wheel carries an arm which, once 
every revolution, completes the circuit between a and b. The 
magnets M\ and M 2 are thus energized. The gearing runs in 
a grease box, and a simple coupling, K , permits of its ready 
attachment to any machine. The function of the magnet M 2 , 







1962 KEN NELLY, LAWS AND PIERCE [Sept. 16 

is to press the catch of the stopwatch. The watch, being set 
at zero, on the first contact after closing the switch, *S W, the 
armature A 2 is drawn down, and the stop watch is started. As 
A 2 moves down, the latch S 4 slips over it, and holds it in the 
depressed position. This prevents the succeeding contacts from 
stopping and restarting the watch. At the initial, and at every 
succeeding contact, the magnet Mi is energized, and, by means 
of the ratchet spring S 2 . advances the wheel R W one tooth, 
in opposition to the spring Si. S% is the retaining pawl, which 
bears so heavily on R W, that it also serves as a brake, and 
prevents sudden impulses of Mi from advancing R W more 
than one tooth at a time. After a definite number of con¬ 
tacts determined by the position of the pin P, the arm P x en¬ 
gages with *S 4 , and allows the armature A 2 to rise. At the next 
contact, the armature is again depressed and locked. The 
watch is thus stopped at, say, the completion of 1000 revolu- 

To Bridge 


To 700 Cycle 
Generator 

Pig. 7—Telephone Sensitivity Magnifier 

tions of the generator. Further operation of the device is then 
prevented, for the arm R is arrested against the spring *S 2 . 

The resetting is accomplished by depressing the lever L. 
The springs S 2 and .S 3 and the latch are thus lifted, and spring 
S, returns the arm R , to the dotted position. At the same time 
5 W, makes contact, M 2 is energized, and the watch reset to 
zero. 

Detectors. The range of frequencies covered w 7 as from 60 
to 5000 A pair of head telephones were used as the detector, 
both for direct and alternating currents. The telephones were 
sufficiently sensitive for the frequency range of from' 200 to 
5000 At 60 ~ and with direct currents, the arrangement 
shown in Fig. 7 was used to increase the sensitivity. A tele¬ 
phone transmitter is inserted in the detector circuit. Immedi¬ 
ately in front of it is placed a hand telephone, which is tra¬ 
versed by a current from a 700-cycle generator. It therefore 
emits a loud sound. The low-frequency current in the detec- 
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tor circuit is thus broken up into alternations of that frequency 
and the effective sensitivity of the telephone to low frequencies 
is greatly increased. This device is set up in a distant room, 
and is properly muffled, so that it does not disconcert the 
observer. 

Generators. To cover the range of frequencies, from 60 to 
5000 three motor-driven a-c. generators were employed; 
(1) for 60 a Mordey machine which forms a part of the 
regular equipment of the laboratory; (2) for the range 200 to 
700 ~, a small motor-generator set, originally designed for 
telephonic work; and (3) for the range from 1000 to 5000 
a high frequency generator capable, at full speed, (3750 rev. 
per min.), of giving 10,000 

In all cases, speed variations were obtained by the use of 
resistances in series with the armature of the d-c. driving motor. 

The waves of alternating current supplied by these generators 
to the Heaviside bridge were fairly sinusoidal. iVlthough faint 
harmonic tones could often be detected in the observer’s tele¬ 
phones, there was no difficulty in balancing the bridge to the 
fundamental tone. 

Tests on Round Solid Copper Wires 

Tests were made on a loop of two parallel copper wires, each 
No. 0000 A.W.G., diameter 0.46 inch (1.168cm.), cross-section 
1.072 sq. cm., and also on two solid parallel aluminum wires 
of the same size. 

Copper Wires. The loop of copper wire had a length of about 
27 meters, differing slightly in different tests. The wire was 
provided in lengths of 20 feet (6.1 m.) in selected straight rods. 
Five tests were made at as many different spacings between 
the sides of the loop. These spacings or clearances between 
conductors, were 60 cm., 20 cm., 6.4 cm., 0.8 cm. and 0.03 cm. 
respectively. Scarfed soldered joints were made between suc¬ 
cessive rods. The measurements were made in each case at 
a time of day when the loop was not in sunshine, and when the 
loop was consequently at a fairly constant and observed tem¬ 
perature. 'The following Table III gives the results obtained 
in these tests, at the spacing of 60 cm. Column I gives the 
spacing, or the distance between adjacent surfaces of the two 
conductors in the loop. Column II gives the temperature of 
the wire, by thermometer observation at one point on the loop. 
Column III gives the frequency. Column IV gives the total 
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d-c. resistance of the loop between its terminals, in microhms 
or thousands of absohms. Column V gives the skin-effect re¬ 
sistance ratio of the wire in the loop, as obtained from bridge 
measurement at each frequency. 3 Column VI gives the cor¬ 
responding computed resistance skin-effect ratio by formula 
( 71 ). Column VII gives the ratio of observed to computed 
values, as appearing in V and VI respectively. Column VIII 
gives the total measured inductance of the loop, between its 
terminals, in abhenrys. Column IX gives the total inductance 
of the loop, within the substance of the wire, after deducting 
51,082 abhenrys, the total computed external inductance, in¬ 
cluding end effect, in the loop. Column X gives the ratio of 
the internal inductance at each frequency, to the internal in¬ 
ferred inductance at zero frequency (2764 abhenrys) by divid¬ 
ing the entries in IX by 2764. The last column, No. XI, gives 
the same ratio as computed through formula ( 76 .) 

It will be seen from Column VII, that the observed skin- 
effect resistance ratio differs from the computed value by not 
more than 1 per cent at any of the observations. Also, com¬ 
paring Columns X and XI, it will be seen that the skin-effect 
reactance-ratio, as observed, is in satisfactory agreement with 
the calculated value. The percentage agreement is not so close 
for the reactances as for the resistances; but the internal in¬ 
ductance, varied by skin effect, is only about 2 per cent of the 
total inductance measured, and consequently, the changes de¬ 
duced in this small internal inductance cannot be predicted 
with the same precision as changes in the total apparent re¬ 
sistance. The results on this loop of solid round copper wires, 
at 60 cm. separating distance, are therefore in very satisfactory 
accordance with the Bessel-function theory as developed by 
Heaviside and Kelvin. 

The test was repeated with the sides of the loop brought to 
a separating distance of 20 cm., by fastening the two wires to 
the edges of a wooden framework 20 cm. wide, and approxi¬ 
mately 27 meters long. The same procedure was followed in 
the third and fourth tests, the wires being fastened to separa¬ 
ting wooden strips at distances of 6.4 and 0.8 cm. apart, respec¬ 
tively. In a fifth test, the wires were separated only by a strip 

3. In the discussion of skin effect, it is customary to express the con¬ 
ductance effect through the ratio R'/R. For some purposes, however, 
its reciprocal, the conductance ratio, R/R' is preferable. In this paper 
the customary expression is given throughout. 












TABLE III. 

SKIN EFFECT IN A NO. 0000 SOLID COPPER CONDUCTOR OF DIAMETER 1.168 CM. 


1915] 


SKIN EFFECT IN CONDUCTORS 


1965 


NMHffiOJHiON 

htOHOllONffiO 

CJ^PQiOOOiON 

OiCDN'O'^THCOCO 

dooooooo 


rjt (O N CD O) 00 10 
(MN^NHOtDrt 

rJoddoddo 


>» <u 

j n 


OIOHNNMOM 

COOOtOCOiHCOOOO 

03(0010^^000 

(M (N N H H H H 


2 T d 
^ C o 

a b > 
^ "o ° o 

•p A « 

rO rO 

a o 


MNCOOSOiiONifl 
HCD^COOiHOOd 
© N h (O >(P M ft 

(W CC CO N N N CO H 

lO lO lO lO lO iO >o »o 


* 


©WOMOONNN 

OOr-HOOC&OCi 

OSOOOOGSOOS 


k\* 


E 


tHOOhOhhoOh 

OOt s -COOOC<JJC> 

OHIOONNOM 

HHHNNNMM 


COHNNOi^^H 

OHOO^NCSMCO 

OrHuoocQooeo 

hhhNNNMM 


« a 

Tb X! 

A$ 2 


0HU3NN0C10 

®050)ffi©00i0 

OOOOOOOOOOOiOOO) 


h ^ 8 


0(0 00 0 010 0 0 
( 00000^(0100 
CO 00 CD O O 05 O 
h im w n io 


O, V • 
i? <u -p 
S v. a 

a M o 

(Lj « o 

tr* 


IO N O tO 05 


—• <u oj j: 
o fe u g 
5? -p > o 
0< o ^ 

CO jD 









1966 


KEN NELLY, LAWS AND PIERCE 


[Sept. 16 


of thin paper, the wires being fastened together over the paper, 
by insulating tapes at frequent intervals. 

The results of the successive tests are recorded in Table IV. 


TABLE IV.—SKIN EFFECT IN A NO. 0000 SOLID COPPER CONDUCTOR 


Spacing 

cm. 

between 

conductors 

Temp. 

degrees 

centi¬ 

grade 

Frequency- 

cycles 

per 

second 

R 

microhms 

R' 

R 

L 

total 

abhenrys 

observed 

20. 







17.2 

60 

8640 

1.0058 

41,874 


15.2 

288 

8518 

1.106 

41,698 


15.2 

868 

8500 

1.584 

41,099 


15.0 

1663 

8495 

2.120 

40,576 


14.9 

2061 

8512 

2.313 

40,437 


15.2 

3063 

8512 

2.755 

40,202 


15.4 

3112 

8440 

2.781 

40,149 


15.3 

3860 

8440 

3.067 

40,071 • 


15.4 

5040 

8456 

3.446 

39,910 

6.4 

18.5 

60 

8378 

1.0087 

30,528 


18.9 

266 

8388 

1.100 

30,320 


19.3 

582 

8383 

1.354 

30,038 


20.4 

923 

8434 

1.640 

29,728 


20.7 

1465 

8411 

2.037 

29,352 


20.9 

2019 

8316 

2.344 

29,108 


21.0 

1992 

8132 

2.322 

29,096 


21.0 

3028 

8132 

2.851 

28,819 


21.6 

3960 

8343 

3.145 

28,688 



5320 

8472 

3.558 

28,546 

0.8 


60 

8612 

1.0124 

15,894 



239 

8612 

1.132 

15,602 



671 

8596 

1.604 

14,793 


16.3 

1068 

8618 

1.981 

14,350 


16.5 

1509 

8624 

2.330 

14,007 


16.9 

1991 

8635 

2.643 

13,782 


17.2 

1988 

8602 

2.6^8 

13,722 


17.8 

2486 

8626 

2.912 

13,560 


18.0 

3028 

8642 

3.179 

13,301 


18.3 

3880 

8642 

3.587 

13,284 


18.4 

4900 

8654 

3.995 

13,127 

0.03 

21.1 

60 

8696 

1.0172 

10,379 


21.4 

236 

8700 

1.244 

9,851 


21.5 

740 

8716 

2.231 

8,143 


.21.5 

1000 

8735 

2.6.88 

7,594 


21.2 

1473 

8724 

3.460 

6,889 


21.0 

2038 

8708 

4.272 

6,374 


20.9 

3058 

8716 

5.522 

5,805 


21.0 

3918 

8700 

6.449 

5,558 

| 

■21.1 

5170 

8729 

7.512 

5,297 


At 20 cm spacing, the skin-effect resistance ratio does not 
differ appreciably from the ratio at 60 cm. until the frequency 
of about 800 ^ is reached. Above this frequency, the ratio 
rises slightly, but distinctly, above the 60 cm. ratio, and at 5000 
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~ exceeds the latter by 2.2 per cent. This increase is to be 
attributed to proximity effect; i.e. to the effect of the magnetic 
field from the parallel return conductor. 

As the conductors were brought closer, Table IV shows that 
the skin-effect resistance ratio increased considerably, owing 
to proximity effect. With the separating distance of 6.4 cm., 
the rise in resistance ratio was still hardly appreciable below 
800 and only amounted to 3.3 per cent at 5000 With 
a separation of 8 mm., however, the ratio increased markedly, 
being 1 per cent extra at 60 ~ 

and 20 per cent extra at m--- J- - 

5000 ~. At the very small / - - - 

separating distance of about '__ T 

0.3 mm., the ratio was greatly «- j --- 

increased, being 1.3 per cent — -/- 4 — i-- 

42__ 

extra at 60 35 per cent [_ J\ |~| 

extra at 400 and 119.7 3 

per cent extra at 5000 
While, therefore, to the or- *i* 3 
dinary light-and-power fre- 3 
quency of 60 the proxim¬ 
ity between going and return 2 ' 
conductors has very little 2 . 
influence on the skin-effect 
resistance ratio R'/R of these 1-8 
rods, at higher frequencies, r 
the degrees of proximity has 

a noteworthy effect on this 10 0 1000 2000 3000 _ 

J # FREQUENCY 

ratio, at separations below Fig. 8 —No. 0000 Solid Copper 
6 cm., as in cabled or flexi- Conductor 

ble-cord conductors. Change of resistance with frequency for 

rryi , . » ,. . . rr , different spacing of conductors. 

The ratios of the skin-effect 

on resistance at different loop widths to that at 60 cm. width 
are collected in Table V. It will be seen that beyond the 
frequency of 3000 the ratio of increase due to proximity is 
but slightly affected by further increase in frequency. Thus, 
while between 60 ~ and 3000 the effect of bringing the dis¬ 
tance between going.and returning conductors down to 8 mm. 
increases the skin-effect resistance ratio from 1.009 to 1.190 
times what it would be at 60 cm., and further increase in 
frequency to 5000 ^ only increases the ratio from 1.190 to 1.201. 

Fig. 8 shows the skin-effect resistance ratio for the data 
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contained in Tables I, II and III, with ordinates R'/R and ab¬ 
scissas impressed frequency. 

In regard to parallel solid round‘wires, at 60 cm. separation, 


TABLE V —SKIN EFFECT IN A NO. 0000 SOLID COPPER CONDUCTOR 


Data Taken from Curves Showing Relations Between skin Effect and Spacing 
of Conductors for Various Frequencies. 


Frequency 
cycles per 
second 

Spacing, 
cm. between 
wires 

R' 

R 

resistance ratio 

Ratio of skin effect 
to that at 60 cm. 
spacing 

60 

0.03 

1.0172 

1.013 


0.8 

1.0124 

1.009 


6.4 

1.0087 

1.005 


20 

1.0058 

1.002 


60 

1.0038 

1.00 

400 

0.03 

1 . 5901 / 

1.353 


0.8 

1.295 

1.102 


6.4 

1.184 

1.008 


20 

1.180 

1.004 


60 

1.175 

1.00 

1000 

0.03 

2.688 

1.611 


0.8 

1.928 

1.154 


6.4 

1.700 

1.017 


20 

1.690 

1.012 


60 

1.670 

1.00 

2000 

0.03 

4.210 

1.870 


0.8 

2.650 

1.177 


6.4 

2.335 

1.037 


20. 

2.295 

1.019 


60. 

2.250 

1.00 

3000 

0.03 

5.450 \X 

2.040 


0.8 

3.185 

1.190 


6.4 

2.800 

1.048 


20. 

2.740 

1.024 


60. 

2.676 

1.00 

. 4000 

0.03 

6.530 

2.14 


0.8 

3.640 

1.193 


6.4 

3.164 

1.038 


20. 

3.112 

1.021 


60. 

3.048 

1.00 

5000 

0.03 

7.380 

2.197 


0.8 

4.040 

1.201 


6.4 

3.472 

1.033 


20. 

3.430 

1.022 


60. 

3.361 

1.00 


Mr. C. P. Eldred, in preliminary work, during 1914, on the same 
research, at the Massachusetts Institute of Technology, ob¬ 
tained observations over the range between 60 ~ and 5000 ~ 
of the skin-effect resistance ratio in wires of both copper and 
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aluminum, which cheek satisfactorily ter 1 »<• * - "'-e- u v •*;- 

dilations. The sizes of win* tested were \. *. n A U t «. 

0.325 inch, 0.S20 nil,; 11)5.500 ehs mib, o.5;i!5 ■; 

also No. 0000 A.W.G. tdiameter 0.10 nab, Mbs . : ... 21 1 one 

cir. mils 1.072 sq. cm.) in cupper and in ahemve : 

While, therefore, the Maxwell Hem h ide Krlvm he.- ; ' 
solid round wires has been checked vdtmri *ne msw- 
cision of the observations, hrtli i**r o-*pper and amwwms. a : 
to 5000 1.17 cm. diameter, and «»U cm, e , , 

sitlerable deviations from that theory have !■» < 0 rata 
closer spacing, owing to proximity eHrrt. liar de■ *. /' a e 
predicted by Heavisii.lt*' 1 in ISKI. Ip to t he ♦ ire.! *■■'.< . a: *-• 
authors have not found a formula tor ’Tin i/’tra vs, * a s, e- ■. 
round wires which will lake the proximov 1 into ,i* -.•.•nr. 4 

Stranded Conductors . Hie si. ram led mndurtois le-.n-d e me 
of copper and of aluminum. 

Copper Stranded Cand tutor , The copper mad * * • •: v • i 
seven copper wires of tlie same are oh;ec*-o 1 u tty * 
of these being spiralled around ‘hr er?y ml >m , v. os 
of approximately 11,5 cm. The rr* <■. ref v w ■ -o-- • > : ' 

wires is 0.1532 sq. ein. and lake a; c- . J -/■. .■ 

the cross-sect ion of the strand, we woo 1 u, y • 
the same (to four die,its) as that. of a No. tit w in \ W t» ' ! 
wire, The results of the tr .1 • *»u a l»*».p >4 ;u 5 ? .>•-*• i ' v 
stranded eonduetor ;uv ghen in Tal4r V). At t x• •. duo-j 
spacings; namely, 00.0 cm, ami 21 eon 

Referring to the observations at hti.d eta. \y.v! mo adl 
be observed that the resistance ddjcruW? taim U u U, at mi %. 
is 1.0052, representing an increase' 01 only halt >4 yn .r»t 
At 5000 “v , however, this ratio jm-rr.tsed io 3 51. In Jdg tq 
curve B connects the observation:* here refero-d t«, The t *, im 
curve ./l gives the eomw.pi aiding -km rUeet far a mhd . 
of equal cross “See lion, as taken loan Tables | and JI, >.* fy /: h 
using the same linear resistance for both the olid am! -m 
conductors. It appears, therefore, that abme 12**0 * * < k, r 
effect resistance ratio of this stranded, rondeu mt *, *. * 0 ;, 

greater than that of the equbserttMiial solid %-my , m - ■ - , 4 *.. 
parenlly to spirality eileel, the ditfen-m-r in, trasme *. ,sv 4 ?ds 
higher frequencies, 

As is demonstrated in the Appendix, ami * dtrads hm. 

4. Bibliography X 0 , 2, 
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made known from earlier experimental work in this research, 5 
the skin-effect impedance ratio, as well as its component ratios, 
is the same for a uniformly and symmetrically subdivided con¬ 
ductor, without twist or helical lay, as in the solid round con¬ 
ductor of the same material and cross-section. In any actual 
stranded conductor, however, whether of concentric-lay, or 
rope-lay, there is helical twist in some or all strands. This 
spiraling of some of the strands necessarily introduces an al- 


TABLE VI— SKIN EFFECT IN 7-STRAND COPPER CABLE 


Equivalent to No. 0000 Solid Wire. 


I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 







Calculated for 








Solid No. 0000 

Ratio 









VI 

Spacing 

Temper- 

Fre- 

d-c. re- 

PJ 

L, total 

R' 

L, total 

VIII 

cm. 

ature 

quency 

sistance 


abhenrys 


abhenrys 


deg. cent 


ohms 

R 


R 




12.0 

60 

0.00991 

1.005 

61,661 

1.005 

62,703 

0.983 


25.7 

207 

0.01051 

1.035 

61,578 

1.051 

62,627 

0.983 


27.0 

475 

0.01054 

1.233 

61,274 

1.227 

62,350 

0.983 


26.8 

925 

0.01061 

1.582 

60,770 

1.584 

61,827 

0.983 

60.9 

27.0 

1468 

0.01061 

1.966 

60,335 

1.945 

61,384 

0.983 


27.0 

2010 

0.01063 

2.295 

60,053 

2.236 

61,118 

0.983 


27.7 

3065 

0.01063 

2.802 

59,719 

2.685 

60,815 

0.982 


27.5 

3920 

0.01064 

3.151 

59,539 

2.989 

60,673 

0.981 


27.2 

5040 

0.01061 

3.552 

59,371 

3.360 

60,531 

0.981 


20.0 

60 

0.01004 

1.004 

26,017 





12.4 

189 

0.00953 

1.063 

25,829 





12.3 

682 

0.00958 

1.458 

25,271 





15.8 

1090 

0.01017 

1.789 

24.S12 




2.4 

16.2 

1540 

0.00996 

2.177 

24,513 





17.2 

2010 

0.01026 

2.470 

24,257 





18.9 

3112 

0.01024 

3.103 

23,893 





17.8 

3960 

0.00992 

3.615 

23,666 





14.4 

5040 

0.00972 

4.130 

23,351 





temating magnetic force, or forces, into the interior of the con¬ 
ductor, thereby superposing a “ spirality-effect” 6 upon the 
regular skin-effect of the same conductor unspiraled. These 
two effects are also capable of mutually modifying each other. 
The subject of “ total skin-effect” in spiralled stranded con¬ 
ductors is therefore more complicated than that presented in 

5. Pender, Bibliography No. 101. 

6. Stirnimann, Bibliography No. 52, and Alfred Hay, No. 70. 
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unspiralled stranded or in solid conductors. It is proposed 
to carry further investigation into this question. Up to the 
present time, the seven-strand spiralled conductors tested, 
have shown practically the same skin-effect resistance ratios 
as equisectional solid wires, up to say 1200 while between 
1200 and 5000 the ratio for the spiralled strands has been 
slightly greater than that of the solid wires, indicating in these 
instances, therefore, an added spirality effect. It may be 

mentioned that both the spirality effect and the skin effect of 

a subdivided conductor may be substantially annulled by in¬ 
sulating its strands and so transposing them that any one 

strand occupies, in succession, 
different positions in the 

cross-section. 

Table VI shows, in its last 
column, that the total loop 
inductance of the loop of 

stranded wire appeared to be 
about 98.3 per cent, or 1.7 
per cent less than, the in¬ 
ductance of an equi-sectional 
solid wire at the same spac¬ 
ing and frequency as calcu¬ 
lated by formula (.D Table 
II.) This result is in sub¬ 
stantial conformity with the 
deductions of Mr. H. B. 
Dwight 7 , which are to the 
effect that a loop of two 
conductors has 1.3 per cent 
less linear inductance than the equisectional solid conductors, 
all other conditions remaining unchanged. The change is at¬ 
tributable to the geometry of the loop system, and is inde¬ 
pendent of skin effect. 

Aluminum Stranded Conductor. The results obtained on two 
loops of aluminum conductor, one of solid wires, No. 0000 
A.W.G. (diameter 0.46 inch 1.168 cm.; cross section 211,600 
cir. mils 1.072 sq.cm.) and the other of seven-equal-strand conduc¬ 
tors, of very nearly equal total cross-section (1.074 sq. cm. 
211,950 cir. mils), are given in Fig. 9. It will be seen that the 
skin-effect resistance ratio of the stranded conductor, which 



Fig. 9—Seven-Strand Cable— 
Equivalent No. 0000 Solid Wire 

Change of resistance with frequency for 
different spacing of conductors. 

parallel unspiralled seven-strand 


7. Bibliography No. 90. 
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had a lay of 23 cm., is slightly greater than that of the solid 
conductor above 2000 and at 60 cm. spacing. 

Strip Conductors. It is generally accepted among electrical 
engineers, that the skin-effect resistance ratio of flat strip con¬ 
ductors is less than that of equisectional solid round conductors. 
This proposition has been verified in the tests here reported, 
except at frequencies below 1000 in which a higher skin- 
effect has been observed, in certain copper strips, than is ob¬ 
tained, by calculation, for equisectional round copper wires. 


TABLE VII.—SKIN EFFECT IN COPPER STRIPS WITH 60-CM. SPACING 
BETWEEN CONDUCTORS 


Strip size 
cm. 

Tem¬ 
perature 
deg.- cent. 

Fre¬ 
quency, 
cycles per sec. 

R , d-c. re¬ 
sistance, 
ohms 

R' 

R 

L, total 
abhenrys 

1.26 X 0.1575 

+6.8 

225 

0.0563 

1.004 

71,291 


-2.0 

708 

0.0539 

1.038 

71,147 


-1.8 

1188 

0.0541 

1.085 

70,970 


+6.0 

1900 

0.0554 

1.161 

70,679 


-1.5 

2980 

0.0541 

1.261 

70,383 


-5.0 

3690 

0.0534 

- 1.326 

70,247 


-1.3 

5169 

0.0543 

1.426 

68,765 

2.52 X 0.158 ' 

+0.9 

491 

0.0260 

1.065 

60,482 


0.5 

1022 

0.0259 

1.169 

60,083 


0.1 

2007 

0.0259 

1.314 

59,699 


0.2 

3078 

0.0259 

1.430 

59,512 


0.0 

3920 

0.0259 

1.506 

59,402 


0.0 

4980 

0.0259 

1.593 

59,349 

3.81 X 0.159 

5.0 

229 

0.0173 

1.042 

55,576 


0.4 

1136 

0.0171 

1.283 

54,766 


5.0 

1730 

0.0173 

1.363 

54,586 


1.9 

2645 

0.0172 

1.478 

54,422 


5.2 

3787 

0.0174 

1.588 

54,303 


1.8 

5050 

0.0172 

1.697 

54,241 


Three copper-strip conductors were employed in the different 
tests, each approximately 1/16 inch, (1.59 mm.) in thickness; 
namely, nominal J-inch, 1-inch, and lf-inch; actually 1.26 X 
0.1575 cm., 2.52 X 0.158 cm. and 8.81 X 0.159 cm. One strip 
at a time was supported by vertical slits in wooden blocks, to 
form a straight loop, with parallel sides at the proper separat¬ 
ing distance. Commencing with 60-cm. spacing, it was found 
to make no appreciable difference whether the strips forming 
the loop were in the same horizontal, or in parallel vertical 
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planes. When, however, the separating distance was about 
10 cm., the relative setting of the two strips began to make a 
difference in the results, owing to proximity effects. This 
difference became very large when the separating distance was 
reduced to about 1 mm. 

Table VII gives the results of the observations for the above 
mentioned sizes of strip, at the separating distance of approxi¬ 
mately 60 cm. It will be seen that the skin-effect resistance 
ratio of the narrowest strip was only 1.0043 at 225 so that 

no att em pt was made to measure this ratio at 60 The re¬ 

cords in the table are plotted in the curves of Fig. 10, at A, B 


and C respectively, Curve D, which is slightly concave up¬ 
wards, represents the corresponding computed ratio for infinitely 

vide copper strip, by formula 

h 11 11 i i n t~i i ( 103 ). 

Curve No. Strip Size v ' 

>•—' i iKSft-—— It is evident that at 60 cm. 

_ C 1.26x 0.1575 CM._Jp . . - x* 11 

D r,^ cu - L spacing, which is practically 

i,. 1 ' 6 _1 __ equivalent to infinite spac- 

«-mg, the calculated resistance 

^PT ratio R r /R is very much less 

2 ____than the observed ratio, par- 

~io6 ~ sjL ' ticularly at the higher fre- 

FREQUENCY 0 quencies. Moreover, it might 

Fig. 10 Copper Strips Spaced b d at first thought, 

OU CM. • L x . 

Change of resistance with frequency for that a Strip nearly 4: CHI. 

different width strips. wide, would approach the 

behavior of an infinitely wide strip more closely than a strip 
1.26 cm. wide; whereas the reverse was the case, in these ob¬ 
servations. The large deviations from theory here presented, 
at first threw some doubt on the measurements. These were, 


2000 3000 

FREQUENCY 






















fl 




5g| 

-c^ 











i Strip 

_D_ 

— 



Fig. 10 —Copper vStrips Spaced 
60 cm. 

Change of resistance with frequency for 
different width strips. 


however, repeated, with substantially the same results, not 
only on the same bridge by different observers, and under dif¬ 
ferent conditions at the Massachusetts Institute of Technology, 
Boston, but also upon another loop of the same strip, with 
entirely different measuring apparatus, at Pierce Hall, in Cam¬ 
bridge. There is at present no reason to doubt the results in¬ 
dicated in Fig. 10 outside the range of the usual smah errors 
of observation. The authors have not been able to discover 
any published measurements of the skin effect in linear flat 


strips, at any spacing. 

The reason for the large discrepancies between the theory 
for infinite strips, and the observations for strips of one to four 



KEXXKLLY, LAWS AM) PIEfU'K ?Sept. p; 

cm. width, in believed to hr that tin- akerna!tm : maynctie flux 
surrounding t Ik* active strips, lain- wre t *r lev rv’mdrh a] in 
distribution, tails through the subs*, suer of the sris m a treater 
or loss extent, and in so duiny disr.inn*.os s.mrr io eddv eurrents, 
Only in the ease of extremely wide x! rips, msv the aheruatiue 
rnuynetie flux In* properly reyarded as Sy me in planes | jarullel 
to the surfaces of tlie strip, so as not u|tpreeiahlv to intersect 
therewith. There are two experimental evidences for iIds be¬ 
lief; namely 111 the distribution *y wnynHic flux ; ath around tin* 
active strips, as obtained by the method of r.ruitcriny iron 
filings and ( 2 ) the fact that with the parade! ore- brouyhi 
close together, the skin eneet was numb ; rrator when fhev lav 
in one and the same plant*, titan when ihrv were .muemled in 
parallel j da mss. 

Hys 11 shows the maymiie flux die*rihutiou aroma! a 
2,a»enu strip, 1,0 nun, t hick, w 1 a -1 \ enrrvine IttT ant- 
1 H‘ivs at SMS ^, the return conductor bi-ins; remmr, ft j*; 
evident that a considerable amount ut iSii flux rut.-: the sub 
stanee of tin* strip near the rdyes; so that it is n*m surprisiuy 
that the extra power loss dm* to eddv mm-nix in the strip 
should markedly increase the skm-ethvb 

I*hh 12 shows that when the two parallel strips forming the 
loe^p are placed in the same plane, rd>y to edyr, and nearlv 
touching, with 120 ampere al sbs practical!v all the map 

netic flux threading thrmiyh the loop has to cut some jH.jtion 
of the strip. We miyht. therefore, jvasunabh expect a tela 
lively la rye exress loss ot power by eddy * urreni •; in such a 
vase, as observation actually showed, 

loy. IS shows, oil the oilier hand, that v h* u the two parallel 
strife forming the loop are placed in parallel plane-,, and sep 
aral.e.d only by a strip ot paper, the allernaUny mayneiu- flux, 
with 120 amperes and KAN , was verv feeble, We should, 
therefore, expert to find eomparativelv little excess loss of 
power by eddy currents under such conditions* as actual ob¬ 
servation revealed. 

The results for the 2,mem, strips, at different spaunys and 
relative positions, are yiven in My, lb It will be seen that 
the smallest skin effort ratio is with the shortest spariuy fit,?* nme) 
ami with flu* strips in parallel plants; as in My, bb This is the 
tesuli neatesf to that yiveu by the theorv tor iniimfelv wide 
.strips. On the other hand, the laryest ratio is at nearlv the 
same spaciny (one mrn.j, but with the strips lyiny in one and 
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VOL. XXXIV, 1915 


Magnetic Fields Surrounding Copper Strips 




p IG 12 —Outgoing and Return Strips Carrying 120 Amperes at 

858 ~ a-c. 



[kennelly, laws and pierce] 
Fig. 13— Outgoing and Return Strips Adjacent Carrying 120 Am¬ 
peres at 858 ~ a-c. 
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t j R , >sanu . plain* a:-, in Fie.. 12 . Between these extreme limits, 
lit* all lln* other • i*ri«* . a! Ira si within tin- raupe of 0 to ■1000 ~. 
'Flu* curve bel.mpinp the series with 0 . 5 -imu. spacing bends 
upward:-., wln-tva* all the others bend downwards beyond 500 
' 1 'his appears to be related to the distri but ions of alternating 
magnetie tields.. The theoretical curve also bends upwards. 
The broken line pivvs the ratios for a eireular win* of the same 
cross-section as the trip, and at hirer spacing. 

Correspond in;.* re.-tilts tor the IkH-ctn, strips are indicated in 
Pi<*. 15 . Hen* ap.ain. the difference is very marked between 
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I Ik;* raiii r: lur ihr »: mIIi ■ i 'UMinc ’$ mm, aii»l M.»> unit., in tin* 
s*tiin* ati*I in ] . 44*1 iv-.*sis?,*ivr! y « flu*- t<* |itrmimlt\ 

rlir* 1 b, At !hmh -v , ihf- u*tu-vT %■: M*»**if. III am! ihv lattrr 1 . 1 ; 

will If.' f hr lifr.drM.4i Vdhir Jm? tuUniU* **j ihv t.iiimr rliick- 

!iit i*. rliMni M'tl. 

*j )„ ?( n |» * ,« > « r , t hr ^ A ]mm*. rnlttimiUM . I**!’ t hr 
;i.H fill, • uv r , . 1 * h.TM - ■ ' • M n., ;n:»J N»'t ? iiiiV*. iffr J*ivrt» 
|‘r,i|flin;.*ll m 1 * 1 * Till ht '** m ? h,^ ti-f MttU 1 thrtoUl 
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the greatest change of inductance with frequency is in the 
case of 3-mm. spacing in the same plane. 

It is evident from the foregoing results that in the case of 
parallel flat strips, the proximity effects are very variable, 
may be relatively large, and depend in large measure upon 
the relative disposition of the two conductors. 

It is open to discussion whether the proximity effect in such 
conductors is materially affected by the current strength in 




Pig. 16— Copper Strip 3.81 by Fig. 17— Whole Copper Tube— 
0.159 cm. Outside Diameter 1.266 cm.. 

Change of inductance with frequency for WALLS 0.159 CM 

different spacing and positions of Change of resistance’ with frequency for 

conductors. different spacing of conductors. 

the loops. Between the limits of about 0.1 ampere and 3.0 
amperes in the loops, at any frequency within the reported 
range, no change in the impedance ratio with current was 
observable. 

Tubular Conductors 

In order to measure skin effect in copper tubes, 90 feet (27.4 
m.) of hard copper tube was obtained, J inch in external dia¬ 
meter (1.26 cm.) with 1/16 inch wall (1.6 mm.) in selected 
15-foot lengths (4.56 m.), and supported on insulators in ^ rec- 
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tangular loop, like the other conductors. The tubes were 
jointed by means of thin sleeves of copper, soldered over the 
ends. The loop had square ends, and was 13.1 m. long. Tests 
were made at three spacings between parallel tubes, namely, 
60 cm., 1.3 cm., 0.1 mm. The results of these tests are given 
in the accompanying Table No. VIII and Fig. 17. It will be 
observed that at 60-cm. spacing, where the proximity effect is 


TABLE VIII— SKIN EFFECT IN A COPPER TUBE. 


1.266 CM. OUTSIDE DIAMETER 0.159 CM. WALL. 


Spacing 

cm. 

Temperature 
deg. cent. 

Frequency, 
cycles per sec. 

R, d-c. resist¬ 
ance, ohms 

R' 

R 

L, total 
abhenry? 

60. 

4.2 

222 

0.01636 

1.0004 

25,125 


6.0 

385 

0.01626 

1.0015 

25,143 


4.S 

963 

0.01634 

• 1.0088 

25,121 


5.4 

1967 

0.01637 

1.0298 

25,108 


5.9 

3030 

0.01647 

1.0633 

25,109 


5.8 

3962 

0.01646 

1.1046 

25.09S 


5.2 

5120 

0.01635 

1.167 

25,053 

1.3 

7.5 

320 

0.01580 

1.013 

7,583 


7.4 

994 

0.01580 

1.067 

7,461 


7.7 

1987 

0.01580 

1.132 

7,361 


7.5 

3004 

0.01578 

1.188 

7,311 


6.2 

3915 

0.01575 

1.241 

7,285 


5.5 

5180 

0.01572 

1.327 

7,090 


-0.2 

4540 

0.01559 

1.288 

7,279 


-0.1 

3467 

0.01559 

1.216 

7,303 


0.0 

2482 

0.01559 

1.160 

7,343 


0.0 

1482 

0.01560 

1.102 

7,405 


0.7 

658 

0.01561 

1.039 

7,519 

0.01 

8.3 

488 

0.01532 

1.114 

3,443 


8.7 

1384 

0.01530 

1.524 

2,825 


8.8 

2040 

0.01530 

1.787 

2,543 


8.6 

3030 

0.01530 

2.104 

2,258 


8.8 

3930 

0.01528 

2.364 

2,079 


8.7 

5040 

0.01526 

2.630 

1,950 


negligible, the skin-effect resistance-ratios are all relatively 
small, and much lower than those of other types of conductor 
tested in this research. With the spacing of only 0.1 mm.; 
i.e. with the tubes lashed side by side, and separated only by 
a thin strip of paper, the proximity effect was very marked, 
and was also sensitive to changes in the temperature of the 
surrounding air. 

The theory of tubular conductors remote from disturbing 
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magnetic fields, has been given by Heaviside 8 and by Russell. 9 
It involves Bessel functions of both the first and second kinds, 
and is complicated relatively to that of solid wires. The 
formulas developed for resistance-ratio are relatively lengthy 
and are only approximations. A much simpler approximate 
resistance-ratio formula for engineering purposes, is obtained 
by considering a tube as the equivalent of a strip with no dis¬ 
turbance at edges; i.e behaving like a strip of infinite width. 
Strictly speaking, the curvature of the tubular conductor pre¬ 
vents the rigid application of the flat-strip theory; so that this 
theory can only be expected to apply to tubes of thin wall and 
large diameter. The formula for the resistance ratio of a flat 
strip is given in (103) of the Appendix. The full wall thick¬ 
ness of the tube is here regarded as corresponding to X, the 
half-strip thickness. 10 Applying this formula to the case con¬ 
sidered, we obtain the broken line marked “ calculated ” in 
Fig. 17. It will be seen that the calculated ratios are all much 
larger than the observed ratios; although the shapes of the 
two curves considered,, are similar. It was found, however, 
that if instead of taking the full wall thickness 0.16 cm. for X , 
we take two thirds of that thickness in the formula, i.e., X = 
0.106 cm., the resistance ratio thus calculated agrees satisfac¬ 
torily with the observed values over the entire range of frequency 
investigated. It is not, however, apparent why only two- 
thirds of the wall thickness should be included in the formula, 
and perhaps this fraction applies only to the particular size 
of tube employed; so that this must be regarded as an empirical 
rule for the present. 

Slotted Tube. Seeing that the resistance ratios for copper 
tubes were less than those offered by flat-strip theory; whereas 
actual narrow copper strips gave ratios in excess of that theory, 
it was decided to follow the behavior of the tubes as they were 
mechanically altered towards the form of flat strips. The 
first step in this mechanical transformation was to cut a single 
slot 0.02 inch wide (0.5 mm.) along the entire length on one 
side of the tube. The slotted tubes were then rejointed and 
supported in a long rectangular loop of the same length as before 
(13.1 m.), and the tests repeated for two spacings; namely, 60 
cm. and 0.1 mm. In the latter case, two tests were made, one 

8. Bibliography No. 2. 

9. Bibliography No. 51. 

10. Pender, Bibliography No. 101. 
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Wi-tti the slots turned in, and the other with the slots out; i.e. 
Wi-ttL the slots at their minimum and maximum permissible 
c 3-is'ta.xices apart, respectively. It was found that, at 60 cm., 
f lioiro was no perceptible change from the previous test at that 
s F>£Lci:ng. That is, the skin-effect impedance-ratio of the tube, 
^exxipte from disturbing a-c. magnetic fields, was as nearly as 
ooxiXd be determined the same, whether the tube was complete, 
037 liad a thin slot cut in it longitudinally. At the 0.1-mm. 

seeing, however, the resistance ratio appeared to be distinctly 
loss than in the unslotted condition; but seeing that the loop 

had to be taken down, re¬ 
assembled and reerected be¬ 
tween the two tests, with 
perhaps somewhat different 
mechanical pressures on the 
separating paper strip, in the 
two cases, it is considered 
unsafe to rely upon the de¬ 
duction that slotting a tube 
reduces its proximity effect, 
as is apparently indicated in 
Fig. 18. There was no ap¬ 
preciable difference between 
the results in the two tests 



Fig. 18 —Slotted and Half Cop¬ 
per Tubes—Outside Diameter 
1.266 cm., Walls 0.159 cm., Slot 
0.0508 cm. 

Change of resistance with frequency for 
different spacing and positions of conductors. 


at 0.1 mm., with the slots 
turned inwards and outwards 
respectively. 

Half Tubes. The loop of 
slotted tube was again disas- 


soxribled, and the conductor split into two half tubes, by cutting 
a, new horizontal slot on the opposite side to the first. The half- 
es were then jointed together to form a rectangular loop 13.1m. 
long. This half-tube conductor loop was then tested at three 
Bracings; namely 2 57.3 cm., 1.3 cm. and 0.2 mm. . The results 
of fliese tests are indicated in Fig. 18. It will be observed that 
a/fc 57.3 cm., with negligible proximity effect, the resistance 
trstfios are markedly higher than with whole tubes. At 1.3 
cm., with the half tubes placed as though lying inverted, side 
t>y side, on a table, the resistance ratios were distinctly, al- 
isliotagh not greatly, increased by proximity effect. At the 
0.25 mm. spacing, two tests were made, i.e., one with the half- 
-fc-ufh>es placed opposite each other, as though to form the original 
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tube, and the other as in the test at 1.3-cm. spacing. The 
former condition had a lower proximity effect than the latter, 
at least as far as 5000 as indicated in Fig. 18. 

Summing up, therefore, the results with tubes and half tubes, 
it may be stated- that the skin-effect of tubes is much less than 
that of other forms of equisectional conductor. When the 
tube is cut into longitudinal halves, and one of the halves is 
removed, the skin-effect of the remaining half tube is con¬ 
siderably increased, and approaches, but is always less than, 
that of an equisectional flat strip. 

In conclusion, we desire to express our acknowledgments to 
Prof. Harold Pender for his valuable contribution to the earlier 
stages of this research, both in design and in direction; also to 
Prof. D. C. Jackson for valuable suggestions during the progress 
of the work, also to the thesis work of Messrs. F. H. Ach'ard 
and H. E. Randall in 1912-1913, on the preliminary work. We 
are also indebted to Dr. S. B. Jewett for help in procuring special 
apparatus, and to Dr. E. B. Rosa of the Bureau of Standards, 
for the courteous loan of inductance standards. 

Conclusions 

1. The skin effect impedance-ratio of solid round wires of 

copper and aluminum, have been found to be in close accordance 
with the Bessel-function Heavisid e-Kelvin theory, up to the 
highest frequency used in the tests (5000 . 

2. At frequencies below 100 the proximity effect is rela¬ 
tively small. That is, the close proximity of the going and re¬ 
turning parallel conductors does not greatly increase the skin 
effect. At higher frequencies, however, the proximity effect 
becomes very marked. All the forms of conductors tested 
developed marked proximity effects, near the higher frequencies, 
when brought close together. The proximity effect was usually 
imperceptible at separating distances above say 20 cm. 

3. Stranded copper or aluminum conductors,- without twists, 
appear to have the same skin-effect impedance-ratio as their 
equisectional solid conductors. Twisting and spiraling the 
strands, introduces a change in the ratio, called the spirality 
effect. In the very few cases of stranded conductors, thus far 
tested, the spirality effect added slightly to the skin effect. 

4. Flat copper strips possess a much larger skin-effect resist¬ 
ance-ratio than corresponds to the theory for indefinitely wide 
strips. The discrepancy has shown itself to be due to the eddy- 
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current losses from the alternating magnetic flux linked with the ~ 
strips, and intersecting them, especially near their edges. The 
pro ximi ty effect in strips is large near the higher frequencies, 
and is considerably affected by the relative positions of the going 
and returning strip-condu'ctors. 

. 5. Copper tubes have less skin effect than equisectional con¬ 
ductors of any other form tried. In the single size tested, the 
gV-in effect was that corresponding to indefinitely wide strip of 
thickness 33 per cent greater than that of the tube wall. 

6. Half tubes, prepared by slitting a copper tube, have much 
more skin effect than the whole tube from which they are made. 
They have however less skin effect than flat strips of the same 
thickness and cross-section. 

7. To reduce skin-effect in a pair of straight parallel single- 
phase conductors at frequencies up to 5000 ~, the tests have 
corroborated the existing belief that the conductors should be 
tubular, or hollow cylinders, separated by more than 20 cm. 
On the other hand, to obtain the maximum current-distortion 
effect, solid rods of large diameter should be used, in close mutual 
proximity. Copper strips while showing, in most cases, less 
skin effect than equisectional solid rods, have much more skin 
effect than is generally supposed. 

APPENDIX I 

Theory of Conditions for Balance on the Heaviside 

Bridge 

With the arrangement shown in Figs. 1 and 2, a shifting of the 
balance point, d, to the left, transfers resistance from the arm 
X to the arm P. At the same time, a certain amount of induct¬ 
ance in the slide wire, and in the mutual induction between the 
slide-wire and the detector circuit is also transferred. 

To obtain R and L, the resistance and the inductance of the 

loop under test: i ~ , , 

let r = the resistance per centimeter of the slide wire (ohms 

per cm.) _ 

a = twice the inductance change per centimeter of the slide 

wire, due to the change in position of the slider 

(henrys per cm.) . 

k = twice the resistance per unit length of the slide wire 

(ohms per cm.) _ 

V = the inductance of the arm P, excluding the slide wire 

(henrys.) 
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L x ' = the inductance of the arm X , excluding the slide wire 
and the inductance L K (henrys.) 

Lx = inductance of the experimental line to be determined, 
(henrys). 

Rx resistance of the experimental line, to be determined 
(ohms). 

m 0 — mutual inductance necessary to balance bridge, when 
the line is short-circuited (henrys). 

mi — mutual inductance necessary to balance bridge when 
the line is in circuit (henrys). 

K — twice the mutual inductance per turn of the second¬ 
ary winding (henrys per turn). 

n 0 —m = change in the number of turns on the secondary of the 
mutual inductance, which is necessary to restore 
balance when the short circuit is removed. 

R p' = resistance of the arm P, excluding the slide wire (ohms) 

Rx = resistance of the arm X excluding the slide wire and 
the resistance i? x (ohms). 

h = reading of slide wire when the line is short-circuited 
(cm.). 

h = reading of slide wire when the line is in circuit (cm.), 

l — total length of slide wire (cm.) 

By (7) from the first balancing 

Rp f + lo r = Rx + (l — lo) r * ohms (9) 

from the second balancing 

R* + hr = Rx + (l — li) r + R x ohms (10) 

Rx = 2r (h-l 0 ) “ (11) 

or Rx = k (h ~ l 0 ) “ (12) 

By (8), from the first balancing 

L p' + = Lx + “* (Z - Z 0 ) + 2w 0 henrys (13) 

from the second balancing 

L? + = Lx + y (l ~h) + 2m i + L x henrys (14) 

Lx = 2(m 0 - mi) + n (h - l 0 ) “ (15) 

and Lx ~ K(tiq — fii) -f* jx (li — Iq) u (^-®) 

The working formulas are therefore (12) and (16). 
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APPENDIX II 

Theory of Skin Effect in Solid Cylindrical Uniform 
Conductors with Remote Return 
This theory was originally developed by Clerk Maxwell in 
1873, and has, under certain variations of detail, been given by a 
number of writers since that date, as an examination of the 
references mentioned in the Bibliography will reveal. The es¬ 
sential steps of the reasoning are, however, repeated here; because 
the final solutions offered are believed to have certain advantages 
for engineering computations. 

In Fig. 19, let A B C be the cross-section of a uniform straight 
cylindrical conductor of radius X cm. with axis at 0, and sur¬ 
rounded by air, oil, or other non-magnetic dielectric. Let the 


B 




Fig. 20 


wire be supposed to carry a sinusoidal alternating current I r , 
r.m.s. absamperes 11 , and to be so far remote from the parallel 
return conductor, that the magnetic field from the latter is 
insignificant at the region occupied by ABC. Then the external 
alternating magnetic field of this conductor ABC will be just 
the same in magnitude and phase as the alternating current I r 
would produce if there were no skin effect. That is, the skin 
effect is confined within the radius X . It affects the magnitudes 
and phases of the electric and magnetic fluxes within the conduc¬ 
tor; but we may assume that (1), by symmetry, these fluxes are 
symmetrically distributed with respect to the axis 0; so that if 
either the magnetic flux-density, or the current density, has a given 
instantaneous value at some radius x; then the same value will 
be developed, at that instant, at all points whos e radius is x; (2), 
“ T -j ie p re fi x a b- or abs- indicates a C.G.S. magnetic unit. 
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that there is at no time during the steady state, a radial compon¬ 
ent of electric or magnetic flux, that is, all fluxes are either parallel 
to the axis, or in cylindrical lines around the axis. By the 
11 steady state ” is meant the alternating-current staf;e which is 
finally reached after the application of impressed alternating 
voltage in the circuit. 


Let i x = the instantaneous current density at radius x (abs^p- 
peres per sq. cm.). 

3C X = the magnetic intensity at radius x (gilberts per cm.) 

(B x = magnetic flux density at radius x (gausses). 

7 = the conductivity of the material in the conductor 
(abmhos per cm.). 

p = I /7 the resistivity (absohm-cm). 

p = the permeabilitv ( — - i? ausses -^ 

\ gilberts per cm. / 

/ = the frequency of the impressed alternating current 
(cycles per second). 

co = 27 rf, the angular velocity (radians per second) . 

Vx = v xm * €*"* the electric alternating intensity externally 


impressed on the conductor 


/ abvolts \ 
\ linear cm. / 


j = v - 1 


£ = 2.71828 . . . the Napierian base. 


Then, if we integrate the magnetic intensity around the 
circle of radius x, we obtain 2ttx 3C* gilberts, and this must be 
equal to At times the total vector current strength within this 
circle; that is 

X 

2irx3C x = 47 r J 2ttx ■ i x • dx absamperes Z ( 17 ) 

o 


or 


d (s-gC,) 
dx 


= 47 r x • i x 


absamperes/cm Z ( 18 ) 


and i x 


1 / 3C* , dJCA 

4t \ a: dx / 


absamperes 
sq. cm. 


Z ( 19 ) 


If we take one cm. length of the conductor, as indicated in 
Fig. 20, and suppose that, at radius x, the current density directed 
from 0 to O' is rising at the instant considered; then magnetic 
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flux will be entering the rectangle abed towards the observer 

Jrro 

at the rate u * dx • —rr maxwells per second, and generating a 
at 

momentary e.m.f. of this numerical value around this rectangle, 
in the direction of the arrows. In order that there shall be no 
radial component of current flow in this rectangle, the total e.m.f. 
around this rectangle must be zero. The electric intensity tj x , 
or the e.m.f. in the centimeter ab will be p i x abvolts, directed 
with the current, or from a to b. Similarly, the electric 

intensity in d c will be p (i x H—> directed from c to d . 

The total e.m.f. in the rectangle is then by Ohm’s law, 


- — -ix*p = 0 abvolts Z (20) 

M dt dx 


di x dK x abvolts— (21) 

or = radial cm. } 


Differentiating (19) with respect to time, we obtain 

di x _1/ d*3C x l_ M Cx\ absampergs £ (22) 

~dt 4tt \ dx • dt 1 x dt ) sq. cm. sec. 

Substituting (21) 

dir P /ft xl absampergs z (2S) 

~~dt ~ 4 tt/jl V dx 2 x dx J sq. cm. sec. 

or • 

rfx 2 + x p dt dt 

absamperes z ^ 4 ) 
cm . 4 

But i x is varying sinusoidally, at any radius; so that 


absamperes ^ ^g) 
sec. cm . 2 
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and 


dH x 
dx 2 


1_ di x 
x dx 


+ (— j 4 7T 7 jJL co) 4 =0 


absamperes 

cm . 4 


Z 


(26) 


If we denote (— j 4 t y /j. o>) by a 0 2 2 Z (27) 

then 

d~ 4 , 1 di x , , . n absamperes , , noN 

^ + 74 + ^-' ~ c m.i ' Z (28) 


This is a well known typical form of second-order Bessel 
differential equation, whose solution may conveniently be 
expressed in Bessel functions 

. 4 = A ■ Jo (ao*) +B-K 0 (etox) absamperes z (2g) 

cm/ 

where J 0 (aox) is a zero-order Bessel function of x of the first 
kind, and K 0 (a Q x) is a zero-order Bessel function of x of the 
second kind, while A and B are arbitrary constants. 

Similarly, differentiating (19) with respect to x, we have 


d't x 

dx 


= — (■ 
47r \ 


l_ dX* 
x dx 


X* d 2 X ; 
^.2 ' 


dx 2 


9 


absamperes , /onN 
~ Z (oU) 
cm . 3 


and substituting from (21) 


dX* 

dt 


__i_ / 

4 7T 7 \ 


1_ dx* 

x dx 


it+ «) Ja«S!£ z ( 81 ) 

x u dx - / cm. sec. 


and remembering that X* is a sinusoidal quantity of angular 
velocity co, 

1 / X* 1 dX* d 2 X* \ 

4 7r 7 /x \ X 2 + xdx + dx 2 / 


jeoX* = 


dx 2 

gilberts 
cm. sec. 


Z (32) 


or 

d 2 X ; 


1 dX* 


dx 2 + ilr +3C,(-i4x T MW- ^r) = ° 


d?K x 

dx? 


+ hit + *■ (»« ! - -?-) - 0 


gilberts 

Z (33) 

cm. 3 

gilberts 

Z (34) 

cm. 3 
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A typical Bessel differential equation of the second order, 
whose solution is 

filberts 


3e* = A' • Ji (a 0 x) + B' • Ki (a 0 x) 


cm. 


Z (35) 


where J x (a Q x) is a first-order Bessel’s function of x, of the first 
kind, and K x (a 0 x) is a first-order Bessel’s function of x, of the 
second kind. It can be shown that in order to comply with the 
physical conditions of the problems, both B and B’ must vanish; 
so that we obtain 


i x = A * Jo (d Q x) 


3C* = A' * Ji (a 0 x) 


absamperes 
sq. cm. 

gilberts 

cm. 


/ (36) 


Z (37) 


where A and A' are constants determined by the particular 
conditions of each case, and aoisthe 11 semi-imaginary ” quan¬ 
tity a 2 — j <*2 


do 


= V27ryfi0) — j V27r7/xco = V^Tyjmoo \45° cm. 1 Z (38) 


i. e., a complex quantity, whose real and imaginary components 
are equal. The current density i x at radius x, is therefore a 
constant A times the zero-Bessel function of the semi-imaginary 
a Q x , and 5C X , the magnetic intensity at radius x, is a constant 
A' times the first-Bessel function of the same semi-imaginary. 
Similarly, the electric intensity at radius x is 

a „-j. <«) ' < 39 > 

and the magnetic flux-density at radius x is 

(B* = A'ju • Ji (olqx) gausses Z (40) 

If w T e take x = X, the radius of the conductor, we obtain from (36) 


ix — A • Jo (doX) 
and dividing (36)'by (41) 

__ ix _ Jo (dpx) 

ix Jo (a 0 X) 


absamperes ,^v 
sq. cm. 


Vx 


numeric Z (42) 
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Similarly 


(B* 


3C X 


J 1 (oi Q x) 


($>x Ji(a Q X) 


numeric Z (43) 


For the benefit of those who are not familiar with Bessel’s func¬ 
tions, a few definitions may here be given. For any real quan¬ 
tity £, 

ve 


(*) 

and 

Ji (*) = 


, M + iil ill 

1 111! " 1 " 2! 2! 3! 3! 


+.numeric (44) 


i (D + (D_D 

ii i i o r ' 0 19 1 Q I A \ 


1! 1! 2! 


2! 3! 3! 4! 


Similarly 

j , M - i (f)' 


n =0 


-jM 

[ n\ (p+n) I 


( 


+ . . . . numeric 

(45) 


numeric (46) 


If ^ is a complex quantity of the type z/8, z being the modulus 

and 8 the argument, 

then 


Jo (z/A 

and 


D’^ (i)7« ( y )‘/“ . . . 

1 111! + 2! 21 3!31 


numeric Z (47) 


Ji i4 


i (Dig 


1! 21 


(Dig 


2! 3! 


3! 4! 


+ .... numeric Z (48) 


Similarly 

n — x p 

Jv (* 3) = 2(f) /ps 


(- 1) K (y) " IM \ 

~nl(f+n)l I numericZ 


n =0 


• (49) 
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It is evident, therefore, that a Bessel’s function of any complex 
quantity is an infinite ascending series of powers of that quantity, 
the coefficients being formed on a definite schedule, depending 
on the order of the function. 

Turning now to (43), we know that if the total maximum cyclic 
vector current strength carried by the conductor is I m absam- 
peres, the maximum cyclic magnetic intensity 3C X at the surface is 


2 I m 
X 


gilberts 
. cm. 


Z (50) 


in phase with the current I m . If, however, we prefer to consider 
not the maximum cyclic, but the root-mean-square value of the 
total vector current 

I r = I m / V2 r.m'.s. absamperes Z (51) 


Then the corresponding r.m.s. value of the magnetic intensity at 
the surface is 



A 


gilberts 

cm. 


Z (52) 


and the r.m.s. flux-density at the surface, to current phase as 
standard, 




2 JA I r 
X 


gausses Z (53) 


Consequently, the r.m.s. value of the magnetic intensity 
3C xr , at radius x cm, is by (43) 


2 I r Ji ( ot 0 x ) 
X Ji (olqX) 


gilberts 


to current standard phase. Thus, if a copper rod 1 cm. in dia¬ 
meter (X = 0.5) has a resistivity of 1724 absohm-cm. (7 
= 1/(1724) = 0.580 X 10" 3 ), a permeability jjl = 1, and is tra¬ 
versed by a r.m.s. sinusoidal current of 20 amperes, ( I r = 2 
absamperes) at a frequency of 786 cycles per second, (co = 
4938 radians/sec.) Then 

a Q = V - j 12.57 X 0.58 X 10 “ 3 X 4.938 X 10® 

= V 12.57 X 0.58 X 4.938 \90° 

= V 36.0 W = 6.0 XiF - cmr 1 ; 
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so that 

qlq X = 3.0 \45° = 2.121 — j 2.121 numeric Z (55) 

by appended Table IX of J 1 (z\45 s ), we find h (3.0 T45° 
= 1.8 /15°.714 

Consequently, 

nn _ 2 X 2 X J\ {CLtfC) t t M t v _-_ 

^ xr 0.5 X 1.8 /15°. 714 ~ 4 ' 444 \ 15 - 714 • ("ox) 

r.m.s. gilberts 


cm. 


Z ( 56 ) 


At the axis of the wire, or x = 0, J ± (0 \45°) = 0 \45° 
and 1 

X 0t = 0.0 \60T7ir r.m.s. gilberts 

cm. v ' 

or, the intensity is vanishingly small, lagging 60°.7 behind the 
total vector current; and also 60°.7 behind the intensity at the 
surface of the wire. At x = 0.25 cm., or half way down to the 
axis, ctox = 1.5 \ 45°, and 


= 4.444 W.714 . J, (1.5 \45°) 

= 4.444 \15°.714 X 0.7599 \28°.952 
= 3.377 \44°.666 r.m.s. gilberts/cm.Z ( 58 ) 


t.e. , 0.422 of the full surface value. At the surface, X = 0.5 and 
M-Xr = 8/0° r.m.s. gilberts per cm. 

Next considering ( 42 ), we are usually unable to apply this 
fomiula directly; because we do not know the value of the elec¬ 
tric intensity tjx at the surface, or the current density ix which it 
produces. It becomes necessary, therefore, to find the average 
current density, taking skin effect into account. It is evident 
that the total vector r.m.s. current strength I r (absamperes) 
m the wire, if i XT is the r.m.s. current density at radius x, will be 


^ 27 TX • ixr ■ dx = 2 TV ^ X ■ i Tr ■ I 


rums, absamperes Z ( 59 ) 
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and dividing this by 7rX 2 , the area of cross-section of the wire, we 
obtain the average vector r.m.s. current density i qr in the pres¬ 
ence of skin effect; namely 


It 2 

7T X 2 X 2 


, r.m.s.absamperes , 

X'i XT 'dx ---- Z (60) 

sq. cm. 


Substituting for 4r, the value from (42) in terms of i X r we have 

= jj ■ Jo (Sx)' J x ' /o (a ° x) 

r.m.s.absamperes . 


sq. cm. 


Z (61) 


It will be found that the integral of mx/5 times the zero-Bessel 
function of a complex quantity mx/5, with modulusmx and 
argument 5, is 


^ mx /5 • Jo (mx /5) • dx = x Ji (mx /5) nui 

Applying this integral, we obtain 

iar = -Jr • r • -r- f “ox • Jo («ox) . dx 


numeric Z (62) 


2 


ixr 1 

r a 

X 2 

Jo 

(a 0 X) a 0 

J 

G 


2 

■fXr 



X 2 

Jo(aoX) 



2 

ixr 

X 


X 2 

Jq ((Xq X) 

* a 0 


2 . Ji (aoX) 

e 0 X'* Xr ' Jo(aoX) 


r.m.s.absamperes ^ 
sq. cm. 


whence, with (42) 

i xr __ apX J o (gog) 

V 2 /i (a 0 X) 


numeric Z (64) 
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Thus at the axis, where x = 0, a 0 x = 0 \45°, and Jo (a 0 x) 

= 1.0 / 0 °, 


aoX ' 1 

2 Ji(0£qX) 


«. numeric Z ( 65 ) 


In the case above considered with ao X — 3.0 \45°, 


1.5 \45° 


1.8 / 15° .714 


= 0.8333 \60°.714 


numeric Z (66) 


or the axis r.m.s. current density is 83.33% of the average current 
density, as deduced from the actual r.m.s. current and the cross- 
section. At the surface, Jo (olqX) = Jo (3.0 \45°) = 1.9502 
/96°.518; so that 

4^- = 0.8333 \60°.714 X 1.9502/96^.518 = 1.625 / 35°.804 
1qt numeric Z ( 67 ) 

or the surface density is 62.5% greater than the average density. 

If we consider that the surface r.m.s. current density is equal 
to that which the same numerical continuous electric intensity 
would produce in the linear d-c. resistance R, whereas the average 
r.m.s. density is that which the r.m.s. a-c. electric intensity 
actually produces in the presence of the linear internal impedance 
Z = R' + jX'] it follows that 


Z _ ixr __ ot-pX Jp (oioX) 

R iqr 2 Ji ( (XqX ) 


numeric Z (68) 


z 

Here is the “ skin-effect impedance ratio.” The real 

JR. ; 

component of this ratio is —, the ‘‘skin-effect resistance ratio”; 

while the reactive component of this ratio is J —=- the “ skin-ef- 

K 

feet reactance ratio.” 

Thus, in the case considered, by (67) 


= 1.625 /35°.804 = 1.318 +j 0.9507 numeric Z ( 69 ) 


1915] 


SKIN EFFECT IN CONDUCTORS 


1993 


so that the skin-effect impedance ratio of the wire at this fre¬ 
quency is 1.625, .its skin-effect resistance ratio 1.318, and its 
skin-effect reactance ratio 0.9507. The apparent a-c. resistance 
of the. wire is therefore 31.8 per cent greater than the d-c. 
resistance. 

If, therefore, we denote the skin-effect impedance ratio as 
obtained in (68) by the complex quantity where 

M = \Z/R\, and j3° = ~Z/R> 


M H° 


numeric Z (70) 


= M cos j8 


numeric (71) 


X' _ Z/co 
R R 


= M sin jS 


numeric (72) 


But the internal linear inductance L of around wire, in the ab¬ 
sence of skin effect, is 

u abhenrys 


So that 


Leo _ JJL CO _ }U L CO - 1 T X 2 

IT ~ ~2R “ 2 


numeric (74) 


4 tv fx 7 co X 2 _ \apX\ 2 


numeric (75) 


V 81 sin /3 
L “ |a 0 Z| 2 


numeric (76) 


where \a Q X\ denotes the modulus, or length factor, of the plane 
vector a Q X . In the case above considered, \a 0 X\ = 3, and 
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The apparent linear internal inductance of the wire in the pres¬ 
ence of skin-effect, is 84.56 per cent of that for zero frequency. 
The radial skin thickness 8 cm., which is equivalent, at full 



eonductmty, to the actual wire at the average conductivity of 
skin effect, is given by 


cm. (76 a) 
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of the same function. Table IX has been workedoutfrom already- 
existing tables of ber-bei ber'-bei' functions, using (77) and (78). 
The polar form of the Bessel functions obtained from Table IX 
gives them distinct arithmetical advantages. 



Fig. 23—Interpolation Chart for Bessel Functions of the First 
Order of the Semi-Imaginary Quantity v \45~° 


Ji (<xo*) = JixV 4 vyv-u \45°) = h (z\45°) = /e,° 


Table X gives the value of \a 0 \ = VAtt y fj, oo, the modulus 
of the propagation constant, for the case of round copper wires, 
of international standard conductivity at 20°C., for various values 
of impressed frequency up to 5000 By its use, in conjunction 
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with Table IX, the computation of the electric intensity rj x , the 
electric-current density i x , the magnetic intensity 3C X , or flux 
density (B*, at any radius x, in a round wire, is facilitated through 



Fig. 24—Interpolation Chart for Bessel Fu nctions of the First 
Order of the Semi-Imaginary Quantity z \45° 


h (ao^) = /i (# V4 * r a* " \45°) = Ji 0 \45°) = Pi /jC 

formulas ( 42 ), ( 43 ), ( 54 ), ( 64 ) and ( 65 ) as well as the skin effect 
ratios Z/R, R'/R, and L' 

Ber, Bei, Ber' and Bei' Functions. Certain functions, derived 
from Bessel’s functions Jq (z \45°), and Ji(z \45°), were intro- 







1998 KENNELLY, LAWS AND PIERCE [Sept. 16 

duced by Lord Kelvin in his classical discussion of skin effect 12 . 
The ber function is the real component and bei the imaginary 
component of J 0 (s \45°). Analogous relations connect the 
ber' and bei' functions with the corresponding real and imaginary 
components of J x (z\ 45°). Thus, as is shown in Jahnke and 
Emde’s “ Funktionentafeln ” 13 in the discussion of this subject, 

Jo (z \45°) = ber z + j bei z numeric Z ( 77 ) 

and * 

h (z \45°) /t = ber' z + j bei' z numeric Z ( 78 ) 

From which it is shown that 

R' _ c*qX ber (<x 0 X) • bei' (a 0 X) - bei (gpjQ ■ ber'(a 0 X) 
R 2 ber' 2 (atoX) + bei' 2 (a 0 X) 

numeric ( 79 ) 

and 

V _ 4 ber ( a 0 X) • ber' (a 0 X) + bei ( a 0 X ) • bei' (aoX) 

L “ X ber' 2 (a 0 X) + bei' 2 (a 0 X) 

numeric ( 80 ) 

These formulas have the advantage that they give the solutions 
for R'/R and L'/L directly, after a Q X is known, from reference 
to Tables of ber x, bei x, and ber 'x and bei 'x. They have, however, 
the disadvantage of being longer, and of calling for more numerical 
work in computation than the corresponding formulas above 
presented ( 68 ), ( 71 ) and ( 76 ). Thus, in the case already con¬ 
sidered, we find from ber-bei Tables, ber 3 \45° = — 0.2214, 
bei 3 \45° = 1.9376; ber' 3 \45° .= - 1.5698, bei' 3 \ 45 ° = 0.8805- 

Hence by ( 79 ) 

R' 3 —0.2214 X 0.8805 —1.9376 X (—1.5698) 

R 2 X (- 1.5698) 2 + (0.8805) 2 

and by ( 80 ), 


V 4 w —0.2214X(—1.5698)4-1.9376X0.8805 
L 3 X (- 1.5698) 2 + (0.8805) 2 


12. Bibliography No. 9. 

13. Bibliography No. 61. 
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TABLE IX—BESSEL FUNCTIONS OF THE ZERO AND FIRST ORDERS 
of the semi-imaginary quantity (3 \45°) expressed in polar form P LI for expression 
Jo (s \45°) = p 0 l£o and Ji (s \45*) = pJJi- 


0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 
l.S 

1.9 

2.0 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 
3.0 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 
4.0 

4.1 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 
5.0 


Jo (s \45o) 


Po 


/Jo 


1.0000 

1.0001 

1.0002 

1.0003 

1.0010 

1.0020 

1.0037 

1.0063 

1.0102 

1.0155 

1.0226 

1.0319 

1.0436 

1.0584 

1.0768 

1.0983 

1.1243 

1.1545 

1.1890 

1.2286 

1.2743 

1.3250 

1.3810 

1.4421 

1.5111 

1.5830 
1.6665 
1.7541 
1.8486 
1.9502 

2.0592 

2.1761 

2.3000 

2.4342 

2.5759 

2.7285 

2.8895 

3.0613 

3.2443 

3.4391 

3.6463 

3.8671 

4.1015 

4.3518 

4.6179 

4.9012 

5.2015 

5.5244 

5.8696 

6.2312 


Ji (z \45°) 


0.15 

0.567 

1.283 

2.283 
3.617| 

5.150 
7.0001 

9.150 

11.550 
14.217 

17.1671 

20.333 

23.750 
27.367] 
31.1831 

35.167 

39.300 

43.550 
47.883 

52.283 

56.750 
61.233 
65.717 
70.183 
74.650 

79.114 

83.499 

87.873 

92.215 

96.518] 

100.789 

105.032 

109.252 

113.433 

117.605 

121.760 

125.875 

129.943 

134.096 

138.191 

142.279 

146.361 

150.444] 

154.513 

158.586 

162.657 

166.726 

170.795 

174.865 

178.933 


0.0500 
0.1000 
0.1500 
0.2000 
0.2500 

0.3001 

0.3502 

0.4010 

0.4508 

0.5014 

0.5508 

0.6032 

0.6549 

0.7070 

0.7599 

0.8136 

0.8683 

0.9233 

0.9819 

1.0411 

1.1022 
1.1659 
1.2325 
1.3019 
1.3740 

1.4505 

1.5300 

1.6148 

1.7045 

1.7998 

1.9012 

2.0088 

2.1236 

2.2459 

2.3766 

2.5155 

2.6640 

2.8226 

2.9920 

3.1729 

3.3662 

3.5722 

3.7924 

4.0274 

4.2783 

4.5460 

4.8317 

5.1390 

5.4619 

5.8118 


/Ji 


-44.931 
-44.714' 
-44.350 
—43.8541 
-43.213 

-42.422 

-41.489 

-40.358 

-39.207 

-37.837 

-36.343 

-34.706 

-32.928] 

-31.011 

-28.952 

-26.768 

-24.451 

- 22.000 

-19.428 

-16.732 

-13.923 

- 11.000 

- 7.970 

- 4.838 

- 1.613 

1.701 

5.099 

8.570 

12.111 

15.714 

19.372 

23.081 

26.S33] 

30.622 

34.445 

1 

38.295| 

42.171 

46.067 

49.978] 

53.905 

57.840 

61.789 

65.743, 

69.706! 

73.672 

77.638 

81.615] 

85.590] 

89.571 

93.549 


5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

6.0 

6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

6.7 

6.8 

6.9 
7.0 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

7.9 

8.0 

8.1 

8.2 

8.3 

8.4 

8.5 

8.6 

8.7 

8.8 

8.9 
9.0 

9.1 

9.2 

9.3 

9.4 

9.5 

9.6 

9.7 

9.8 

9.9 
10.0 


Jo (z\45°) 


*0 


6.6203 

7.0339 

7.4752] 

7.9455 

8.4473 

8.9821 

9.5524] 

10.160 

10.809 

11.501 

12.239 

13.027 

13.865 

14.761 

15.717 

16.737 

17.825 

18.986 

20.225 

21.548 

22.959 

24.465 

26.074 

27.790 

29.622 

31.578 

33.667 

35.896 

38.276 

40.817 

43.532 

46.429 
49.524 
52.829 
56.359 

60.129 
64.155 
68.455 
73.049 
77.957 

83.199 
88.796 
94.781 
101.128 
108.003 

115.291 

123.110 

131.429 
140.300 
149.831 


/ fl o 


Ji (s \45°) 


183.002 

187.071 

191.140] 

195.209 

199.279 

203.348 

207.417 

211.487] 

215.556' 

219.625 

223.694] 

227.762 

231.830] 

235.897 

239.964 

244.031 

248.098 

252.164] 

256.228 

260.294 

264.358 

268.422 

272.486 

276.540 

280.612 

284.674] 
288.736 
292.79S 
296.859 
300.920 

304.981 
309.042 
313.102 
317.162 
321.222 

325.282^ 
329.341 
333.400 
337.459 
341.516 

345.5771 
349.566 
353.693 
357.751 
361.811 

365.868 

369.958 

373.983 

378.002] 

382.099 


6.1793 

6.5745 

6.9960 

7.4456 

7.9253 

8.4370 

8.9830 

9.5657 

10.187 

10.850 

II. 558 
12.313 
13.119 
13.978 
14.896 

15.876 
16.921 
18.038 
19.228 
20.500 

21.858 

23.308 

24.856 

26.509 

28.274 

30.158 

32.172 

34.321 

36.617 
39.070 

41.691 
44.487 
47.476 
50.670 
54.081 

57.725 

61.618 
65.779 
70.222 
74.971 

80.048 

85.466 

91.259 

97.449 

104.063 

III. 131 
118.683 
126.752 
135.374 
144.586 


/ 0i 


97.533 

101.518 

105.504 

109.492 

113.482 

117.473 

121.465] 

125.459 

129.454| 

133.452 

137.450 

141.452 
145.454 
149.458 
153.462 

157.469 

161.477 

165.486 

169.498 

173.510] 

177.523 

181.536 

185.554 

189.571 

193.589 

197.608 
201.627 
205.646 
209.670 
213.692 

217.716 
221.739 
225.764 
229.790 
233.815 

237.842 
241.868 
245.896 
249.925 
253.953 

257.981 
262.011 
266.041 
270.071 
274.102 

278.133 

282.164 

286.197 

290.229 

294.266 


Examples Jo (3.1 '®°> = 2.0592 /100°.789 ; /i (8.1 \45°) =41.691 /217° _716 
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Rosa and Grover 14 have worked out tables of R'/R and L'/L in 
accordance with formulas (79) and (80), for various values of 
lo'oXl, up to 100. 


TABLE X—PROPAGATION CONSTANT OF THE MODULUS |«| 
FOR COPPER OF STANDARD CONDUCTIVITY, AT 20°C. 


(p = 1724. absohm-cm., ti = 1.0) for various frequencies/ . 


/ 

1*1 

f 

I«! 

/ 

M 

/ 

kl 

5 

0.4785 

320 

3.828 

820 

6.128 

2600 

10.91 

10 

0.6767 

340 

3.946 

840 

6.202 

2700 

11 .1? 

15 

0.8288 

360 

4.060 

860 

6.275 

2800 

11.32 

20 

0.9570 

380 

4.172 

880 

6.348 

2900 

11.52 

25 

1.070 

400 

4.280 

900 

6.420 

3000 

11.72 

30 

1.172 

420 

4.386 

920 

6.491 

3100 

11.92 

35 

1.266 

440 

4.488 

940 

6.560 

3200 

12.11 

40 

1.354 

460 

4.590 

960 

6.630 

3300 

12.29 

45 

1.436 

480 

4.688 

980 

6.699 

3400 

12.48 

50 

1.513 

500 

4.785 

1000 

6.767 

3500 

12.66 

60 

1.658 

520 

4.880 

1100 

7.097 

3600 

12.84 

70 

1.791 

540 

4.973 

1200 

7.413 

3700 

13.02 

80 

1.914 

560 

5.064 

1300 

7.716 

3800 

13.19 

90 

1 2.030 

580 

5.154 

1400 

8.007 

3900 

13.37 

100 

2.140 

600 

5.242 

1500 

8.288 

4000 

13.53 

120 

2.344 

620 

5.328 

1600 

8.560 

4100 

13.70 

140 

2.532 

640 

5.413 

1700 

8.823 

4200 

13.87 

160 

2.707 

660 

5.498 

1800 

9.079 

4300 

14.03 

180 

2.871 

680 

5.580 

1900 

9.327 

4400 

14.20 

200 

3.026 

700 

5.662 

2000 

9.570 

4500 

14.36 

220 

3.174 

720 

5.742 

2100 

9.806 

4600 

14.52 

240 

3.315 

740 

5.822 

2200 

10.04 

4700 

14.67 

260 

3.451 

760 

5.899 

2300 

10.26 

4800 

14.83 

280 

3.581 

780 

5.976 

2400 

10.48 

4900 

14.98 

300 

3.707 

800 

6.053 

2500 

10.70 

5000 

15.13 


Example. At / = 2000 « 0 = 9.570 ^45"°; « = 9.570 / 45° 


Skin-Effect Impedance Ratio for Nonspiralled Stranded 
Conductors of Non-Magnetic Metal 
In order to consider the impedance ratio for a stranded con¬ 
ductor in its simplest case, we may assume that all spirality 
effects axe absent, and, therefore, that the conductor is stranded 
without any twisting, or, that if twisting occurs, the spirality 
effects of the twisting may be ignored. The effect of stran ding 
a conductor will then be to increase its effective diameter, with- 
14. Bibliography No. 85. 
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out altering the cross-section of metal. Let ABC , Fig. 25, be 
the cross-section of a solid round wire of great length, and remote 
from its return conductor, or from other disturbing conductors. 
Let its radius be X cm., and its substance have a conductivity 
7 abmhos per cm., and a permeability fx = 1 . Then let the 
above conductor be divided into a number of parallel strands, 
symmetrically insulated, spaced, and distributed; so that the total 
cross-section, including all insulation between strands, of the 
new stranded conductor A B C is increased n times or 

7 rXi 2 = ut X 2 sq. cm. (81) 

and 

X, = X Vn cm. (82) 

The stranded conductor will not differ in permeability from the 



Fig. 25 

solid conductor, but will differ therefrom in longitudinal electric 
conductivity. The stranded conductor will have the same total 
linear conductance as the solid conductor; but its average con¬ 
ductivity over the cross-section will be n times less. Conse¬ 
quently, the propagation constant oq of the stranded conductor 
will be: 

cti = V 4 7T 7i /I CO \ 45 ° = 4 7T IX o> \ 45 ° = 

cm" 1 Z (83) 

Therefore the quantity oq Xi for the stranded conductor is 

Xi = -% -X V^= a 0 X 
V n 


numeric Z (84) 
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or is the same as for the solid wire. We thus conclude, frorr 
inspection of (68), that the impedance ratio Z/i?, as well as its c 
ponents R'/R, and L'w/R , are the same as for the metallic 
equisectional solid conductor. This is a property of conduc 
already known experimentally. 15 

Moreover, formulas ( 42 ) and ( 43 ), relating to the elec 
and magnetic forces and flux densities at any point withi 
solid conductor,^clearly apply also to a non-spiralled symmf 
cally stranded conductor, if the radius x is expressed as a f: 
tional part of the total radius X, in each case. Thus the va. 
of 7 } x , i xy 3C X and (S> x , at half radial depth, bear the same com] 
numerical ratio to the corresponding values at the surface 
both stranded and solid conductors. The actual values of tl 



quantities at the surface will not, however, be the same in 1 
cases, although the computations are readily made with 
and ( 64 ). 

Skin Effect on Uniform Flat Strips of Indefinit 

Great Width 

The problem of skin effect in flat strips, of indefinitely g 
width, remote from disturbing alternating magnetic fields, se 
to have first been solved by Lord Rayleigh 16 in 1886, and solut 
have been given in various forms by a number of writers s 
that dhte. The steps in the demonstration are, however, 
sented here, because the forms of the final results are believe 

15. Pender, Bibliography No. 101. 

16. Bibliography, No. 6. 
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offer particular advantages for engineers. Let A B C c &<x, Fig. 
26, be one edge of a long wide and flat strip, of uniform conductor, 
whose midplane is at OOxOi. The length of the strip is parallel 
to OOi, BC, or be. The breadth across the strip is parallel to 
O1O2, CE or ce. Between the cross-sections at B 0 b d B and 
COiceE there is supposed to be a length of 1 cm. of the strip. 
The half thickness of the strip OB, or OiC, is taken as X cm. and 
any layer P Pi P 2 in the strip has a distance of x cm. from the 
midplane. Let 7 be the conductivity of the metal, in abmhos 
per cm., /x the uniform permeability, co the impressed angular 
velocity of the sinusoidal current in the steady state, in the 
direction ABC. Then, if the current density at the layer x 
is i x absamperes per sq. cm. as indicated by the arrow, the 
mag netic intensity 3C* will vanish at the midplane, will increase 
left-handwards as we increase x positively, and also increase 
right-handwards as we descend to the lower surface at * = - X. 
Then, if we consider an elementary layer of thickness dx cm. at 
P Pi P t , the magnetic flux density on the top of this layer will 
be greater than that at the bottom, the difference being, by elec¬ 
tromagnetic theory: 

d<S> x = 4 x ix i x • dx gausses Z ( 86 ) 

or 


d(& x 

dx 


= 4 7T JJL i x 


gau f ses - Z ( 86 ) 
cm. depth 


The increase of electric intensity drj x in the layer is 


dr) x 


• dx=j 03 (& x • dx = p . di x 
dt 


abvolts 
linear cm. 


Z ( 87 ) 


di x . co (B 2 ^ absamperes , 

* . — — = 7 - = 7 7 co 3—77-- \ loo; 

dx J p J 1 cm.depthcm . 2 

Differentiating (86) with respect to # and substituting (88) 


= j 4 7 T 7 p co <$> x = a 2 (B* 


gausses _ z ^ 
cm . 2 


where the propagation constant 

a = 4 7 r 7 ix co = V4 tt 7 Jx co /45 


= V2T'Yixa+jN / 2Tr'Yfxco = + j a 2 


cm." 1 Z ( 90 ) 
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Differentiating ( 88 ) with respect to x and substituting ( 86 ), 


dH x 
dx 2 


j 4 7 r 7 ju co i x — a 2 i x 


absamperes 

cm. 4 - 


Z (91) 


The solutions of (89) and (91) are 

i x = A i cosh ax + B\ sinh ax absamperes 

sq. cm. 

Z (92) 

Atx = X, ix = A i cosh aX + B i sinh oX “ “ Z (93) 
at* = -X,i-x =Z 1 cosh(-aX)+5isinh(~aX)« “ Z (94) 
= Ax cosh aX — B\ sinh (aX) “ “ Z (95) 

But i x must have the same value in (93) and (95), which can only 
be satisfied with Bi = 0. Consequently 

i,-A , c absamperes ^ (w) 

sq. cm. 

where ax is a semi-imaginary quantity, or has /45 ° as an argu¬ 
ment. Dividing by (93), with B i = 0, we obtain 


i xm __ i xr __ i x __ cosh ax 
i'x.m ixr ~ 4 cosh aX 


numeric Z (97) 


where the subscripts m indicate maximum cyclic, and the sub¬ 
scripts r root-mean-square values. 

The average r.m.s. current density over the cross-section is 

J x . r>x 

' dx = Y' cosh ffl ' J COsh - aX - dx 

0 0 

absamperes ^ 
sq. cm. ^ ; 


1 # ixr 

aX cosh aX 


tanh a X 
~aX 


• sinh aX = ix r 


absamperes 
sq. cm. ^ J 
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But ixr = y Vxr> is the u- n if° rm current density which the im¬ 
pressed e.m.f. would produce over the entire cross-section of the 
strip at zero frequency. Hence 

ixr_ _ ixm _ _ numeric Z (100) 

V i im R tanh aX 

When aX has a modulus greater than 6.0, tanh aX = 1.0/0° 
very nearly, and 



i 

ii 

Nj|c*i 

numeric Z (101) 

The skin-effect impedance ratio being 
this complex quantity be 

aX /t anhaX, let 


R -MU 

numeric Z (102) 

Then 

= M cos /3 

K 

numeric (103) 

and 

L'oo . o 

- = Msmp 

K 

numeric (104) 

Dividing by co, 

V M . r, 

—- = - sm p 

R w 

seconds (104 a) 


As an example we may take the case of an indefinitely wide 
copper strip 0.2 cm. thick and operated at a frequency of 2183-~; 

so that 

a = V 4 7r-l-p^ i - 2 x -2183 /45° = 10 /45°. 

Then X = 0.1 cm. and aX = 1.0 /45°. 

By Tables, 17 tanh 1.0 /45° = 0.9308 /27°.044 


17. Kennelly, Bibliography No. 99. 
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so that 


1-0 /45 ° 

0.9308 /27°.044 


= 1.074 / 17° .956 


= 1.022 +j0.331; and-^- = 1.05 

The skin effect resistance ratio is therefore 1.022. 
Again, using (97) and (100) 

ixm ixr aX - cosh ax 

__— = —— = ——-—- • cosh ax = —7-z -=r- 

iqm 'tar smh aX /smh aX\ 


numeric Z (105) 

The complex S — has been tabulated and charted for the 

argument /45 ° up to \aX\ =3.0. Thus in the case considered, 
sinh 1.0 /45° 

by Tables, — - ^ — = 1.0055 /9°.531; so that in this case 


0.9945 \9°.531 cosh ax 


numeric Z (106) 


At the midplane, where x = 0, and cosh 0 /45° = 1.0 /0^, the local 
current density is about 0.5 per cent, less than the average cur¬ 
rent density and lags behind it 9°.5. At the surface, where 
X = 0.1, and aX = 1.0 /45°, cosh 1.0 /45° = 1.080 /27°.487 ;so 

'IXr 

that —:— = 1.074 /17°.956 and the surface current density is 

'I'qr 

7.4 per cent greater than the average and leads it nearly 18°. 

The external skin thickness 5 cm., which, carrying the surface 
current density ix r , would be the equivalent of the half thickness 
of strip carrying the average current density %, is defined by the 
condition 

S R . 

__ = —-- , numeric (107) 


5 = X 


cm. (108) 


tanh aX X 
aX cos /3 


cm. (109) 
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For frequencies sufficiently high to make \aX\ > 6.0, this approxi¬ 


mates closely to 



cm. (110) 


Thus, in the case considered, — \jVJAV 1S ’ by tables ’ °' 9308 

Yi7'°:9M, and 5 = 0.09308/cos (17°.956) = 0.09308/0.9513, 
= 0.0978 cm., approaching more and more nearly to l/a 2 cm. 
as the frequency increases. 

Returning to (89), the solution for ffi* is 

©j. = Ai cosh ax + B 2 sinh ax gausses Z (111) 

where a, as before, stands for the semi-imaginary 

Vi 7 T 7 M CO /45 ° = Oil + j Oil cm. *Z 

In order that ®x= - ®-x; *.«• that the flux-densities at opposite 
surfaces shall be equal and opposite, it is necessary that A 2 should 
vanish, and this leaves 

(B* = B 2 sinh ax gausses Z (112) 

and 

5Cim __ Wxr __ ®>xr _ ax numeric Z (113) 

5 C X m 5C X r ®xr sffih aX 

The r.m.s. surface flux density ffixv is determined by the fact that 
if I, is the r.m.s. value of the current per unit breadth of strip, 
in absamperes per cm. 

(B xr = 2 t' }jl I r gausses Z (114) 


and 


O&xr 


ULEll- . sinh a* 
sinh aX 


gausses Z ( 115 ) 


Thus in the case considered, if the r.m.s. current carried is say 
1 ampere per cm. of breadth, I r = 0.1 /0_°, sinh 1.0 /45° = 1-0055 
/54°.531 . Hence 


0.6283 /0° 
1.0055 /54°.531 


-— ■ sinh ax 


gausses Z ( 116 ) 
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At the midplane where x = 0, sinh ax = 0 /45°, and (B 0 r = 
0\9°.531, i. e. vanishing flux density, lagging 9.°53 behind the 
phase of average current. 

It will thus be observed that the change in form of a linear 
conductor from a solid cylinder to a wide flat strip, has the effect 
of substituting hyperbolic functions of a semi-imaginary variable 
ax for Bessel functions of a closely related semi-imaginary 
variable a 0 x where \a\ = |a 0 [, and a — j a 0 , the form of the 
fundamental equations ( 42 )— (97) and ( 43 ) — ( 113 ) remaining un¬ 
changed. 

As was first pointed out by Steinmetz 18 , the conditions of cur¬ 
rent density as we penetrate into the strip, correspond to those of 
current strength in a long pair of parallel a-c. lines, with distri¬ 
buted constants, a millimeter of depth corresponding perhaps 
to hundreds of kilometers of line length. In fact, formula (97) 
is identical with that which expresses the current strength at any 
point of a pair of wires in a telephone cable, with negligible 
inductance and leakance, short circuited at the distant end, which 
then corresponds to the midplane in the strip. Similarly, formula 
( 113 ) for the ratio of magnetic voltage gradients in the strip, is 
identical with the formula for electric voltages across such a pair 
of wires. The propagation constant a is a semi-imaginary in 
each case, the linear leakance corresponding to conductivity, 
and linear resistance to permeability. Just as in the cable, the 
wave length is 19 


X = 


2 7r 
a*. 


2 vTt r 


length units (117) 


so in the strip, the wavelength is given by this formula, the cm. 
or c.g.s. length unit being employed. Thus, in the case con¬ 
sidered, where a = 10 /45°, and n 2 , the imaginary component 

6.283 X 1.414 nooo - _ 
of is 7.071, \a\ = 10, and X = - Jq - 0.8885 cm. 

That is, the rate of change of phase in the propagation of electric 
and magnetic intensities as we penetrate the strip, is one complete 
cycle, or 360 degrees, for 0.8885 cm. i.e. 405° per cm., and 40°.5 per 
mm. Reflections from the midplane in a shallow strip, disturb 


18. Bibliography No. 66. 

19. Bibliography No. 84. 
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this relation, which tends to be presented more nearly accurately 
as the thickness of the strip is increased. _ _ 

The skin-effect theory of indefinitely wide strips, as outlined 
above, appears to be of but little service in the actual use of 
ordinary copper-strip conductors, owing to the large disturbi g 
magnetic effects at the edges. It is, however, useful m relation 
to the use of copper-tube conductors, and especially when these 
have large diameter and thin wall. The wall thickness X cm. 
should then correspond to the half-thickness X of a wi e s P > 
since the flux densitymust vanish at the inside wall of such a tube 
There is, however, another reason why the above skin-effect 
theory of strips should be considered, in spite of its very imperfect 
application to narrow strips; namely, because it applies with but 
little modification to the important case of magnetic skm effect m 
steel strips or laminae of sheet steel, if the ;permeabdity can be 
taken as constant at an average value. The discussion of that 
theory is out of place here; but it may be permissible to point 
out that formula (97) applies to the magnetic lamina case, when 
flux densities <B, and © x substituted for current densities *. and 
i x , and formula (113) likewise applies to the magnetic case, when 
electric current densities 4 and «* are substituted for «. and ©*. 
That is, the theory of the magnetic strip case follows the same 
course as that of the electric strip case, above outlined, whe 
magnetic and electric flux densities are mutually mterchang . 
Formulas (99), (100), (109), (110), (113) and ottos, then apply 
to both cases. It is evident that complex hyperbolic functions 
are a natural key to the actions in both cases. 

Empirical Formula for Narrow Strips 1.6 mm. Thick 
The curves of Fig. 10, present the resistance ratios of three 
widths of 1.6 mm. copper strip up to 5000 ~at 6° cm - spacing. 
From these curves an approximate empirical relation has been 
found between about 1000 and 5000 name y 


R' 

R 


= 0.308 f' 2 ' 




numeric (118) 


where/ is the impressed frequency, and w the strip width m cm. 
This empirical formula is clearly inapplicable at low frequencies 
but serves to indicate the effect of increasing strip width for the 

ra nge covered in these tests. ________— 

20. Bibliography No. 101, p. 1284. 
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List of Symbols Employed 

A y external inductance of a test loop (abhenrys). 

Ay By arbitrary constants of electric current density in integra¬ 
tion equation (absamperes per sq. cm. Z). 

A', B ! y arbitrary constants, magnetic intensity in integration 
equation (gilberts per cm. Z). 

AiyBiy arbitrary constants electric current density in integration 
equation (absamperes per sq. cm. Z). 

A 2 , Bo, arbitrary constants, magnetic flux density in integration 
equation (gausses Z). 

a, length of a rectangular loop (cm.). 

a — V4:ir y jj, oo [ 45°, propagation constant for a flat strip, a 
positiv e semi-imaginary (cm. -1 Z). 

<2o= V4 7r y fjLoi \45°, propagation constant for a solid cylinder, 
a negative semi-imaginary (cm. -1 Z). 
oil, propagation constant for a stranded cylinder, a 
negative semi-imaginary (cm. -1 Z). 
a<iy imaginary or real component of a semi-imaginary propa¬ 
gation constant (cm. ~ 1 ). 

/3, argument of a complex number expressing a skin-effect 
impedance ratio (radians or degrees). 

(B xm, (B xr , instantaneous, maximum cyclic, and r.m.s. values 
of flux density at point of radius x (gausses Z). 
by interaxial distance between two parallel wires (cm.) 

y = 1/p, electric conductivity of material (abmhos per cm.) 

Cy skin-effect inductance ratio L'/L (numeric) 

dy diameter of round conductor (cm.) 

also sign of differentiation. 

5, thickness of skin carrying the same current at surface 

flux density as the whole cross-section at varying 
densities (cm). 

also the argument of a complex quantity z/8 in a Bessel 
function (radian or degree). 
e = 2.71828..., Napierian base. 

Vx, t}xm, ^instantaneous, maximum cyclic and r.m.s. values of 
electric intensity at point of radius x (abvolts per cm. Z) 
v xm, 7]xry instantaneous, maximum cyclic and r.m.s. values of 
electric intensity at surface of radius X (abvolts per 
cm. Z). 

/, frequency of impressed alternating current (cycles per 

sec.) 
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oe„ X. xm , SC. x r, instantaneous, maximum cyclic and r.m.s. values of 
magnetic intensity at point of radius jc (gilberts per 
cm. Z). 

Im, I x , r.m.s. alternating currents in the sides of a Heaviside 
bridge (amperes Z). 

I mi Ir , maximum cyclic and r.m.s. values of alternating cur¬ 
rent in a conductor (absamperes Z). 
instantaneous, maximum cyclic, and r.m.s. values of 
current density at surface of radius X (absamperes 
per sq. cm. Z). 

i x , ixm, i x r, instantaneous, maximum cyclic, and r.m.s. values-of 
current density at radius x (absamperes per sq. cm. Z). 

H , Vu V, instantaneous, maximum cyclic, and r.m.s. values of 
vector average current density over cross-section 
(absamperes per sq. cm. Z). 


j = V — l 

J 0 (z), zero-order Bessel function of first kind, for a vari¬ 
able s (numeric). 

K 0 (z) , zero-order Bessel function of second kind, for a variable 
z (numeric). 

J 1 (z), first-order Bessel function of first kind, for a variable 
z (numeric). 

Ki(z), first-order Bessel function of second kind, for a vari¬ 
able z (numeric). 

K, twice the mutual inductance per turn of the secondary 

winding in Heaviside bridge (henrys per turn). 
k, twice the resistance of one cm. length of Heaviside- 

bridge slide wire (ohms per cm.). 

L, linear internal inductance of conductor in test loop 

without skin effect (abhenrys per linear cm.). 

L, inductance of the test loop at zero frequency (henrys 

or abhenrys). 

L', inductance of the test loop at test fequency, with 

skin-effect (henrys or abhenrys). 
also linear internal inductance of conductor at test 
frequency, with skin-effect (abhenrys per linear cm.). 
2/' Pj Z/' x , inductance in the P and X arms of a Heaviside bridge 


(henrys). 

X/ P , i' x , inductances in the P and X arms of a Heaviside bridge 
excluding slide wire (henrys). 

l 0j reading on Heaviside-bridge slide wire with loop shor - 

circuited (cm.). 
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h, reading on Heaviside-bridge slide wire with loop inserted 

(cm.). 

l } total length of slide wire in Heaviside bridge (cm.). 

X, wave-length of propagation (cm.). 

M = | Z/R\, modulus of a complex number expressing a skin- 
effect impedance ratio (numeric). 

permeability of a substance to magnetic force [gausses 
per (gilbert per cm.)]. 

also twice the inductance change per cm. of Heaviside 
bridge slider (abhenrys /cm). 

m, * a constant coefficient of the variable in a Bessel func¬ 
tion (numeric Z). 

m, mutual inductance in a Heaviside bridge wire (henrys). 

w 0j mutual inductance iri a Heaviside bridge wire for 

balance with loop shorted (henrys). 

mi, mutual inductance in a Heaviside bridge wire for 
balance with loop inserted (henrys). 

n, the general term number in an expanded series, also 

ratio of amplification of cross-section in stranding a 
conductor (numeric). 

»o, number of turns in secondary of mutual inductance in 
Heaviside bridge wire for balance with loop shorted 
(numeric). 

n h number of turns in secondary of mutual inductance in 
Heaviside bridge wire for balance with loop inserted 
(numeric) 

p , order of a Bessel function (numeric). 

ir = 3.14159.... 

R, resistance to continuous currents of the test loop 'with¬ 
out skin effect (ohms). 

also linear resistance to continuous currents of the test 
loop (absohms per linear cm.). 

R\ resistance to ‘ alternating currents of the test loop with 
skin-effect (ohms). 

also linear resistance to alternating currents of the test 
loop with skin effect (absohms per linear cm.). 

R/', R x ", resistances in P and X arms of a Heaviside bridge 
(ohms). 

Rp', Rx.', resistances in P and X arms of a Heaviside bridge 
excluding slide wire (ohms). 

r.m.s., contraction for root-of-mean-square. 

p = 1 / 7 , resistivity of material (absohms cm.). 
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t, 

w, 

X, 

X, 

X, 

X, 

X', 

X, 


tim e elapsed from a selected epoch (seconds). 
width of a flat strip (cm.) - 

external radius of a cylindrical conductor (cm.). 
radial distance of a point on a cylindrical cross-section 

from the axis (cm.). 

half thickness of a flat strip conductor (cm.). 

total radial thickness of the wall of a tubular conductor 

linear reactance of conductor in test loop, with skm- 
effect (absohms per linear cm.). 
equivalent external radius of a stranded cylindrical con¬ 
ductor (cm.). ' ^ 

Z = R' + jX', linear impedance of conductor m test loop with 

skin-effect (absohms per linear cm. Z). 

Z u , Z N , Z„ Z x , impedances in the four arms of a Heaviside bridge 

(ohms- Z). , 

CO = 27r/, angular velocity of impressed alternating current 

(radians per second). 

~ sign for “ cycles per second.” . . , 

| z |, sign for the modulus of a complex quantity z (numeric) 

7 , sign for the argument of a complex quantity z (radians 

or degrees). 
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Discussion on “Experimental Researches on Skin Ef¬ 
fect in Conductors” (Kennelly, Laws and Pierce), San 
Francisco, Cal., Sept. 16, 1915. 

H. B. Dwight (by letter): In the discussion of the mea¬ 
surement of the skin effect resistance ratio of copper strips, 
spaced at 60 cm., it is stated that the large discrepancies be¬ 
tween the theory for infinite strips, and the observations made, 
are believed to be due to power being dissipated by eddy cur¬ 
rents. All distortions of current connected with skin effect 
may be called eddy currents, but where the conductors are far 
apart and carry sine wave currents, the distortions of current 
are regular, and this case of skin effect obeys very similar 
laws to those governing round conductors. 

In the case under discussion, formula (103) of the paper 
is used, which takes into account only the crowding of current, 
due to skin effect, toward the flat surface of the copper strips. 
A more important action is the crowding of current toward 
the edges of the strip, and this accounts_ for practically all of 
the skin effect observed at 60 cm. spacing. ... 

If the thickness of the strip is considered to dimmish in¬ 
definitely, but the conductivity to increase so that the total 
resistance of the strip remains the same, then the only action 
is a crowding of current toward the edges of the strip. For 
this case, the skin effect resistance ratio can be shown mathe¬ 
matically to be the same as that of a round copper wire of13/8 
times the resistance of the strip considered. Figs. 14 and 15 of the 
paper show that such a formula is inapplicable to strips of appre¬ 
ciable thickness since it gives ratios that are too large. How¬ 
ever it is possibly a closer calculation than, the formula for 
infinite strip used, and it tends to show that if the ratios were 
calculated by formulas applicable to strips of finite dimen¬ 
sions, the theory would probably check _ the test results of 
Table VII as closely as the computed ratios check the tested 
ratios for round wire given in Table III. . 

Compact engineering formulas for skin effect of uniform 
round nonmagnetic conductors at commercial frequencies may 
be expressed in terms of the resistance of the conductor. , 


and 


Rac 

= l + 

11.03 

100 

Rdc 

(1000 Rdc ) 2 

(1000 RdcY 

Rac 
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1.91 
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for 60 cycles, 

for 25 cycles, 


where Rdc is the resistance of the conductor to direct current 
in ohms per 1000 ft. These formulas are applicable to wire 




2020 


SKIN EFFECT IN CONDUCTORS 


[Sept. 16 


or cable, of copper or aluminum, and for sizes of conductors 
up to lj-in. diameter. 

J. E. Clem: Although Dr. Kennelly does not discuss the 
skin effect of conductors located within a-c. machinery, it is 
worth while to mention the fact that the increase in copper loss 
in conductors within machines due to current distortion is 
very much larger than in cables or busbars, on account of what 
Dr. Kennelly terms “ proximity effect.” This is due to the 
fact that within machines a large number of conductors carry¬ 
ing currents at high density are placed in very close proximity 
to each other and as a result the magnetic field traversing the 
copper is of considerable value. In generators and transformers 
this is especially true. In fact, in many cases, unless special 
precautions are taken in design, the copper loss may be in¬ 
creased 20, 30, or even 50 per cent at 25 or 60 cycles, on ac¬ 
count of this “proximity effect.” Occurring at normal fre¬ 
quency, it is evident that within machines this phenomenon 
is of the utmost importance to the designer. 

The distribution of the flux in a conductor in a machine is 
very different from the distribution of flux in a conductor in 
air. In a conductor in air the flux forms cylinders or flattened 
cylinders around the conductor, depending upon whether the 
conductor is a round wire or a strip. See Fig. 11 of paper. 
In machines the presence of iron usually causes the flux to 
traverse the conductor in approximately straight lines, the 
flux density increasing from one side of the conductor to 
the other. This case corresponds approximately to that shown 
in Fig. 12. 

While the cause of the extra loss due to the unequal distri¬ 
bution of current is the magnetic flux in both cases, the mathe¬ 
matical development should be different because of the dif¬ 
ferent flux distribution. Mr. A. B. Field read a good paper on 
this subject in 1905 before the A. I. E. E., in which he developed 
a method of determining these losses. 

L. P. Ferris: The results of most importance, seem to me 
to be those which apply to the skin-effect -resistance-ratio. 
We are more interested in the increase of resistance of a con¬ 
ductor due to skin effect than we are in the slight decrease 
in the inductance due to the same cause. The method 
by which the skin-effect resistance-ratio was determined ex¬ 
perimentally is of considerable interest. The bridge was so 
arranged that this ratio could be determined by a few settings 
on a slide wire of the bridge. This is shown in Table II. The 
simple formula for the skin-effect resistance-ratio involves 
two functions which are proportional to the a-c. and d-c. re¬ 
sistances, but it is not necessary by the method used to de¬ 
termine the absolute magnitude of either resistance. The 
accuracy of these results, in so far as the resistance-ratio s is 
concerned, should be very high, and this is shown to be true 
by the close agreement of the experimentally determined ratios 
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with those computed, in the cases where the “proximity effect” 
mall. 


is 


For the inductance-ratio it is necessary actually to determine 
the magnitude of the inductance at high frequency; the com¬ 
puted externa] inductance of the circuit, which does not change 
with the frequency, subtracted from the measured total m- 
ductance, leaves the value of the_ internal inductance whichus 
compared with the computed internal inductance at zero 
frequency. As the change in inductance is only a small pro 
portion of. the total in non-magnetic materials such as were 
used in these tests, the precision with which the experiment 
results accord with the computed results is to be considered 

hl There is indicated a very ingenious method of increasing the 
sensitivity of the telephone detector in a-c. bridge work at 
low frequencies. It is simply to place m senes wi , , 

tector a telephone transmitter m front of which is a telephone 
receiver carrying an alternating current at, say,. 700 cycle • 
This device causes a high-frequency variation m the low- 
frequencv current passing through the detector when the 
bridge is out of balance. I have had occasion to try this device 
and found it very successful. The high-frequency effect great y 
increases the ease and accuracy of the settings. 
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SYMPOSIUM ON “INVENTORIES AND APPRAISALS OF 
PROPERTIES” 


The following papers were presented at the session of the 
Panama-Pacific Convention devoted to the subject of Inven¬ 
tories and Appraisals of Properties These P a P e ^® r ® 
mented at the session by contributions from other mem 
of the Committee on Inventories and Appraisals of Prop 
erties, which are included in the printed discussion. 


PART I 

The Chief Factors that Must be Taken into Account 
in Making an Inventory and Appraisal of an Electric 
Lighting and Power Property; The Factors Usually 
Universally Recognized; The Factors Generally Recog¬ 
nized; The Factors Regarding which there is Serious 
Controversy; Differences in Inventories and Appraisals 
of Properties when these are to be Used for Different 
Purposes. 

BY C. L. CORY 


A S WITH any other engineering, economic or financial prob¬ 
lem, before starting on an inventory and appraisal of an 
electric light and power property it is absolutely and imperatively 
necessary to decide upon, and constantly keep very clearly in 
mind, what is desired and what technical name shall be given the 
answer or conclusion. A vague and nebulous idea of the aim of 
the work to be done surely leads to unsatisfactory results, which 
are often misleading and more often misused. In many instances, 
useless work is done at great expense in getting an answer or result 
which has no real significance and has a. value far less than the 
cost incurred in obtaining it. 

Because it is not at the outset made perfectly clear, so that it 
may be understood alike by all—attorneys, managers and direc¬ 
tors of utilities, commissioners, financiers, and other engineers 
what it is intended to call the final answer, it is not uncommon to 
find appraisals of the same property made by different engineers 
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differing so widely as to discredit the engineering profession and 
create in the minds of those with little or no engineering training 
or experience not only grave doubts, but convictions, that in 
general detailed complex inventories and appraisals should be 
given very little weight when tested by the rules of evidence. 

Because of my strong belief in the foregoing, I prefer to lay 
stress upon this one of the many chief factors which should be 
taken into account in making an inventory and appraisal of any 
public service utility or industry. 

Any one of not less than five results may be sought in appraisal 
work, and to them I give the following names: 

1. The investment 

2. The original cost 

3. The cost of reproduction new 

4. The reproduction cost 

5. Present value. 

Assuming for the present that the final figure which is to be 
determined may, within reasonable limitations, be given one of 
the above five labels, it is obvious that a clear mutual under¬ 
standing must be had in the beginning, before the inventory and 
appraisal work is undertaken, as to which of the five results is 
wanted. If this is done at least one perplexing question, namely: 
“ May there appropriately be differences in inventories and ap¬ 
praisals of properties when these are to be used for different pur¬ 
poses?”, which has arisen time and time again, may be definitely 
and finally answered emphatically “ Yes.” 

It is of course well recognized that in the present state of legis¬ 
lative, judicial and administrative procedure, and also in the 
financial, economic and engineering field, the “ value ” of an 
operating composite system such as an electric lighting and power 
property is very difficult to determine. Confusion is, however, 
but more confounded when any process of analysis is utilized 
wdiich considers synonymous or equivalent any one of the above 
five names for the ultimate result of such analysis. 

Without attempting at the outset to indicate the purpose for 
which a valuation may be undertaken, whereby any one of these 
five conclusions or results may be desired, it is important to 
indicate the salient differences in the principles of, as well as in 
the final results reached by, each of the five methods. 

The Investment 

Ordinarily it would not seem difficult to set up an outline and 
method of procedure if the inquiry is concerned solely with the 
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investment. The history of the property should be gone into 
most thoroughly to ascertain not only how much money, ordinar¬ 
ily designated “ capital account,” has from the beginning been 
expended, but also the cost to the company or property ot 
obtaining this money. It is apparent that discount on bonds 
commissions paid for the sale of stock, organization expenses and 
the cost of obtaining and building up the business, must all be 
included as actually shown by the records of the company, in¬ 
dependent of the consequences to the property or their customers 

of such bona fids expenditures. 

The actual investment which has been made, voluntar y 
otherwise, from the sale of securities or from earnings, indepen¬ 
dent of the results of such expenditures, is the general desideratum 
sought. Whether the property at the present time is a va u- 
able ” one or not; has any material business value as a going 
concern, or has any future prospects, has no effect on the amoun 
of the investment, and it is only necessary to consider whether 
the various items of investment were made with honest intentions 
in good faith, with reasonable wisdom, and with adequate 
knowledge of the effect of such money expenditures. 

If, on the other hand, by the purchase or acquisition m any 
manner of lands, water-rights, easements or any facilities an 
investment of a given sum of money or its equivalent has resulted 
in the possession by the property of things of very great value 
many times by the unearned increment route, it is still the actual 
investment, and not the larger “ value,” which must be include 
in the determination of the total result. 

Great care must of course be taken to fairly and justly segre¬ 
gate all expenditures into capital or construction and extension 
expense, on the one hand, and maintenance, repair and operating 
expense on the other. But once this has been done, the amoun 
of the dividends or interest to stockholders or investors, whether 
abnormal or nil, respectively, in the past should not affect the 
conclusion as to the investment in the property at the presen 

It is difficult to conceive a valid reason or purpose for making 
such'an investment appraisal of a property, and yet at is often 
found that commissions and others m an academic and theoretical 
fashion give great weight to the actual investment features ot a 
valuation, even for rate fixing purposes. Similarly managers 
and owners of properties often do the same thing when a total 
is to be obtained upon which taxes are to be computed. Never- 
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theless, it is manifest that the “ investment ” in the property 
may not and in most cases does not, to any appreciable degree, 
indicate its “ value.” 


The Original Cost 

The determining of the original cost and of the investment have 
many details and quantities in common. Ordinarily, the dif¬ 
ference between them is that the former excludes everything 
but the actual physical property which is dignified by the word 
“ tangible.” It is difficult to convince some types of minds that 
anything which has no physical existence is real. To such 
men, to place a monetary figure upon so-called “ intangibles,” 
even if the records of the property show, unquestionable and 
wise expenditures for some things other than actual physical 
property, seems pernicious. They seem to think that such 
expenditures have gone for something not unlike “ ghosts ” 
or ‘ spirits,” have the same faculty of disappearing without 
permission, are not under human control, and should be wiped 
out by judicial or commission decisions. 

The owners and managers of operating properties, on the 
contrary, too often have exaggerated and unsubstantial ideas 
of the u value ” of the business of such properties, in most 
cases far in excess of the actual or theoretical cost of develop¬ 
ing the business. In relation to such intangibles there is cer¬ 
tainly serious controversy, and until a more sensible and prac¬ 
tical view-point is established in this regard no very satisfactory 
agreement seems attainable. 

Genei ally speaking, the u original cost ” is most often deter¬ 
mined independent of the ordinarily necessary methods of 
financing, and in this regard probably more than in any other, 
except the restriction of “ original cost” to the physical 
property only, is there a decided numerical difference between 
the figures obtained which represent the 11 investment ” and 
the C£ original cost ” respectively. 

The Cost of Reproduction New 

Since- large public service properties are not bought, sold 
and exchanged as often and under the same conditions as real 
estate, grain, stocks and other forms of wealth, and since it is 
becoming more and more desirable in recent years to determine 
or at least approximate the “ value ” of such properties, we 
have the sanction at least of the highest court in the land that 
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one of the best measures of “ value 77 is the “ cost of repro¬ 
duction new. 75 For this reason more than any other, perhaps, 
most inventories and appraisals tend in their final analysis 
toward this end. 

If wisely and fairly considered from every angle, particularly 
in the various details and processes involved in arriving at the 
result, the “ cost of reproduction new 77 is a very compre¬ 
hensive and pretty nearly all-inclusive measure of the t£ value 77 
of a property under given conditions, and may be made, the¬ 
oretically at least, to include not only the physical property 
but the so-called intangibles as well. The most wisely directed 
and painstaking inventory is absolutely necessary, however, 
and equal care must be continued in arriving at the unit costs 
and the so-called overhead percentages. The writer has per¬ 
sonally found it of great value and assistance to ascertain as 
nearly as possible what the “ original cost 77 . has been, frankly 
aware all the time, however, that “ original cost 77 and “ cost 
of reproduction new 75 may and often do result in widely vary¬ 
ing figures. To substantiate intangibles such as value of 
the going concern, 77 a measure of which is often dictated by, 
but not identical with, the “cost of developing business, 77 
it is many times enlightening and in a few cases convincing to 
get the actual figures from the records wdien such are available 
One important question many times does, and certainly al¬ 
ways should, arise, however, which has to do with the query 
as to whether the property as it exists today, built piecemeal 
during the construction and extension periods covering perhaps 
years of time, is to be reproduced item for item, or is the service 
rendered today to be reproduced by a “ substitute installa¬ 
tion, possibly of the most modern type. If the cost of re¬ 
production 77 were desired, there can be little question but that 
“ costs 77 or “ unit prices 77 should be of today or the present 
time, rather than the “ historical costs, 77 and herein will in most 
instances be found the discrepancies, often noted with criticism, 
between two appraisals of the same property by two different 
engineers. “ Original unit costs 77 and “ present unit costs 77 
very seldom, if ever, are identical, and a property built new to¬ 
day, taking advantage of every modern invention and im¬ 
provement, not only in physical units but in scientific processes, 
would not by any means be the physical duplicate of a simi¬ 
lar but different property which might well give the same 
service, but which has been developed and extended from a small 
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beginning years ago. Hence there is every reason why the 
final figure of an appraisal based on e< original cost ” should 
differ very materially from another appraisal of the same 
property based on “ cost of reproduction new.” 

It remains for some authoritative body, court, commission 
or engineering society to establish if possible which is the best 
measure of “ value ” or perhaps c< present value,” u original 
cost ” or u cost of reproduction new ” in any given case, 
but it requires only ordinary common sense to appreciate that 
neither is synonymous with “ value,” and, what is of more 
importance, that there is no possible valid reason why they 
are equivalent or synonymous with each other. 

The Reproduction Cost 

I do not know to what extent “ reproduction cost ” has 
become known as'a term to indicate the cost of reproducing a 
property in its present physical condition, taking into con¬ 
sideration physical deterioration, as contrasted with the “ cost 
of reproduction new.” For obvious reasons no public service 
property can accurately be considered as “new”. It may 
possibly all have been new at one time, but in most practical 
cases the original plant was so insignificant in size and capacity, 
as compared with the present one, that but a very small part 
at any time may be accurately said to be new. 

The component physical parts of such a property are so com¬ 
plex, requiring constant renewals, reconstruction and enlarge¬ 
ment, that it is but academic and theoretical to apply the 
adjective u new ” to but a small part of the whole. Physically 
it is beyond the realm of possibility to have a new public utility 
property. Parts of it must be physically deteriorated , but not 
necessarily to the same extent depreciated in value particularly, 
from the service standpoint. 

Therefore, since service is continuously rendered and pre¬ 
sumably will continue to be so rendered in future, no public 
utility property can possibly be in 100 per cent physical con¬ 
dition, but at some percentage less than its original or initial 
physical condition. So long, however, as elements in the com¬ 
plex utility properties fulfill their part in economically and re¬ 
liably rendering service, they have not necessarily suffered 
£c depreciation of value.” 

“ Reproduction cost ” then may be said to differ from “ cost 
of reproduction new ” in a practical but very important sense. 
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In determining the former the present physical condition and 
service usefulness of each element is taken into account in arri\ - 
ing at the final figure. Obviously knowledge and experience 
are necessary to arrive at an accurate conclusion. The service¬ 
ableness in a broad sense of each device as well as the complex 
property as a whole is of more importance than its age or exact 
physical condition. 

It would seem that a higher and more experienced order of 
mind is necessary to make an estimate of the reproduction 
cost ” than that required to collect-the data for an appraisal 
on the basis of the “ cost of reproduction new.” Neither, 
however, can be said to give a very conclusive measure of 
“ value,” although it is the writer’s personal opinion that in 
most practical cases “ reproduction cost ” is a broader, more 
comprehensive, and better indication of value than the 
11 cost of reproduction new.” 


Present Value 


If knowledge, and patient detailed work, are required to 
estimate the investment in,, or cost of, a public utility property, 
then surely a combination of wisdom, experience and alert 
yet sound judgment is necessary to determine approximately 
the “ value,” or what is more commonly referred to as the 
“ present value,” of the same property. Cost may be and 
often is an indication of value, but cost and value must not be 
confused, or, except in the rarest cases, considered as equal. 
In attempting to determine either, especially in a public utility 
property, every evidence of the magnitude of both should be 


most carefully weighed. 

. Depreciation of value, especially from the standpoint of service, 
does not follow the same law as physical deterioration. Never¬ 
theless, from the courts and many commissions, we have num¬ 
erous precedents for attempting to determine “ present value 
by first finding the “cost of reproduction new and then 
deducting a purely theoretically computed quantity, based 
primarily on estimated life tables, termed ‘ accrued, deprecia¬ 
tion ” and then call the remainder “ present value. _ 

Notwithstanding the precedents for, and present practise of, 
estimating present value by mixing up “ cost of reproduction 
new ” and “ accrued depreciation,” the writer does_ not con¬ 
sider this procedure has any merit either m fact or m equi y. 
It is only because of the limitations restricting our experience 
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valuation prepared in such a way as to be of use in analyzing 
the results of operation and that can be kept up to date as 
changes and extensions are made. It is only after the valua¬ 
tion is completed that the various uses that can be made of 1 
bemn to be appreciated and attempts are then made to keep 
it up to date by changing existing methods of handling charges 
to construction, replacements, maintenance, etc., at which time 
it becomes evident that the valuation should have been worked 
up in conjunction with, and in concordance with, the account¬ 
ing scheme and general routine of the operation of the property, 
and be in such a form as to be of the greatest use. 

It should be the function of the appraising engineer to point 
out to the owners of the property the advantages which can 
be obtained by preparing the inventory and valuation m such 
a way as to serve the greatest possible use to them, not only 
for the purposes for which it is immediately necessary, but for 
the many other ways in which it can be of value. 

Preliminary Investigations 

In commencing 'the work of leaking an inventory and ap¬ 
praisal, the appraiser should first become familiar with the 
property and just what his work is to include and just what it 
is not to include. He should also become as familiar as is pos¬ 
sible with the operation of the property and the function which 
each portion occupies in rendering the service for which the 
property is used. Having become familiar with these matters, 
lists of the property should be prepared, classifying the various 
items and all questions of ownership determined before the 
inventory is commenced. 

Too much stress cannot be laid upon the necessity for care- 
fullv summarizing and classifying the items to be inventoried, 
as it should be borne in mind that it is almost impossible to 
include, through error, property of foreign ownership, but very 
easy to omit a structure which should be included, either through 
omission from the summary or failure to assign the work to any 
department of the organization. 

The appraiser should also make a careful study of the history 
of the property in question and get all the information avail¬ 
able as to the conditions under which the property was con¬ 
structed. A great deal of this information will not be of record 
and can only be obtained by interviewing individuals who have 
been connected with the property. Such interviews assist very 
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materially in giving the appraiser the proper perspective with 
regard to the property, and very often bring out conditions 
which were actually met with in the construction and which 
would have to be met with again, w r ere the property not in 
existence and to be built at the present time, w r hich w^ould not 
be evident to an investigator going over the ground after the 
construction was completed. 

Organization 

The organization necessary will in a large measure depend 
upon the size of the property and the time available, but in 
any event as high a standard as possible should be established 
in the selection of assistants. It is advisable to divide the staff 
into groups or divisions, each group being in charge of an en¬ 
gineer qualified to direct *and carry through to completion the 
field and office work pertaining to the property under his charge. 
It is essential that each division head is familiar with the divid¬ 
ing line between his work and that of the other divisions so that 
there will not be omissions or duplication in the w r ork; also that 
where construction or material of the same class is to be found 
in more than one division, the same methods of inventory and 
valuation and the same prices be used in all cases. It is some¬ 
times advisable, and particularly on large jobs, to have a separate 
division to direct the office work of compiling material prices, 
computing, typing, indexing, etc. 

Forms 

The designing of the necessary forms to carry out the field 
inventory is a question of detail, but one which probably will 
affect the total cost of the work more than anything else, as in 
a large measure the extent of subsequent operations is de¬ 
termined by the form in which the field inventory is made. 
Carefully designed forms will often permit the inventory 
to be made by more inexperienced assistants than would other¬ 
wise be possible, and this will of course reduce the cost^ of the 
work. It is advisable to have the information brought in from 
the field as complete as possible and in such form as to lend 
itself most readily to assembling and summarizing the infor¬ 
mation. 

The appraiser must, of course, in planning his forms and the 
information desired, have in mind the subsequent steps through 
which the information is to be carried, and for this reason it 
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will be found that an experienced appraiser obtains data in 
his field inventory which would not be deemed important or 
essential to an engineer inexperienced in appraisal work, who 
starts out to make an inventory for the first time. This is not 
well understood, as the general impression seems to exist that 
any engineer can go out and get the necessary information for 
making a complete appraisal; but such is not the case, the ap¬ 
praiser’s experience pointing out to him many elements which 
have to be taken into consideration; on the other hand he knows 
that certain other information is of little or no value, and just 
how far he can estimate and eliminate minor items without 
affecting his results beyond the limits of error always present. 

Assembling and Summarizing Field Notes 
The amount of work which is necessary in assembling and 
summarizing the field notes of the inventory is very often under 
estimated both in time and in money and the extent of this 
work can be very materially affected by the form in which the 
field notes are brought into the office. Insofar as possible, in 
order to avoid errors due to the personal equation, the field 
men should be required to partly summarize th§ir notes before 
turning them in. In this way the men who make the field in¬ 
ventory are required to interpret their own notes as to special 
conditions, etc., which another individual might not be able to 
understand. Wherever possible, and the extent of the work 
justifies it, mechanical equipment, such as tabulating machines, 
should be used. Too much stress cannot be laid upon the neces¬ 
sity for checking and re-checking each step of the office work 
and at least a part of the field inventory by others than the 
persons who did the work in the first instance. 

Preparation of Unit Prices 
It is impossible to determine all of the unit prices which 
will be required until the field inventory is completed. The 
major portion of the unit prices, however, can be partly de¬ 
termined and to a large extent worked up while the field in¬ 
ventory is in progress. This work consists in making careful 
investigations of prices of material and equipment at the time 
of the appraisal, and also for the materials which enter most 
largely into the property, such as wire, poles, cables, etc., in an 
electric distribution system, the average market prices of material 
for a period of several years should be determined, as well as 
the average actually paid by the company. 
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connection with the unit costs to which they are applied. Wide 
divergence in overhead charges as used by different engineers 
can in many cases be traced to questions of definition, to the 
various items included, and the make up of the unit costs; also 
it is very much more difficult to obtain records of actual overhead 
costs than it is to obtain records of unit construction costs, and 
for this reason personal judgment and opinion enter to a greater 
extent into the determination of overhead charges than in the 
determination of unit costs. 

The overhead charges being usually applied as percentages of 
the units, offer a very convenient method of including items of 
cost that are not always convenient to work into the unit costs, 
or to set forth as separate items, and for this reason we find a 
great many items included as overhead charges that should prop¬ 
erly be placed elsewhere, and which w 7 hen placed where they 
properly belong are obviously proper and correct; whereas, when 
included as overhead charges, appear unreasonable. 

Without attempting to make any comprehensive definition or 
distinction as to just what costs should be included in the units, 
what in overhead and what as separate items, it is suggested that: 

The Unit Cost should include all direct costs and as much of 
the other costs as can be directly distributed to various parts of 
the work, as for instance, warehouse expenses and fire insurance 
should be added directly to the material costs, and employee’s 
liability can be added directly to the labor costs. Among other 
items which should be included in the unit costs may be men¬ 
tioned contractor’s profit, piecemeal construction, testing, con¬ 
struction contingencies, etc. 

The Overhead Charge should include such general costs as can¬ 
not be properly allocated to particular parts of the work, but are 
a part of the total costs, such as administrative, engineering, 
engineering supervision, interest during construction, taxes 
and general contingencies. 

Expenses which should be included as separate items are or¬ 
ganization, development costs, discounts on securities, promotion 
expenses, etc. 

It will be noted that in the above it is suggested that u con¬ 
struction contingencies ” should be included in the unit costs 
and that “ general contingencies ” should be included in the 
overhead charges. In making this division of the contingencies 
item it is intended that the “ construction contingencies ” 
should include all of the general and what might be termed usual 
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detail is not contained in the appraisal, the details may be readily 
located. 

The form and grouping in the final appraisal is a matter for 
careful consideration and one where an appraiser’s experience is 
of great assistance to him. The proper grouping and classifi¬ 
cation which it is necessary to have in order to- work out allow¬ 
ances for depreciation, deductions for portions of property re¬ 
moved, etc. is a matter of detail which should not be overlooked, 
as it is a very important consideration. Also the accounting 
classification in use by the company should be carefully consid¬ 
ered in preparing the appraisal, as in nearly all cases it is desired 
that the details of the appraisal should permit of the grouping 
of the property under certain accounting classifications. 

Keeping Inventories and Appraisals up to Date 

Perhaps one of the most difficult questions which is asked an 
appraiser is that as to how the company can best keep the in¬ 
ventory and appraisal up to date. This is most important in 
large properties where it is also most difficult. It is, of course, 
possible to make plans and arrangements for keeping an inven¬ 
tory and appraisal up to date, but this nearly always involves a 
tremendous amount of detail and for certain classes of properties 
it is very often a question as to whether the cost of maintaining 
the necessary records is not more than the results obtained would 
justify. There are certain classes of property, such as under¬ 
ground systems, where it is absolutely necessary to keep plans 
and inventories in great detail. On the other hand, for overhead 
distribution work just how much detail should be carried on the 
records of the company, when an inventory can be made at any 
time of all the property listed, is a question to be carefully con¬ 
sidered. 

j Best Way to Keep up to Date Inventories and Appraisals: An 
inventory and appraisal is necessarily made as of a particular 
date and it is usual that by the time the work is completed 
changes have been made in the property so that the conditions 
and value as set forth in the appraisal have been changed. These 
changes will continue to go on from time to time and it is not 
many years before the inventory will be considered out of date 
and a new one made necessary. In order to avoid this condition 
it is desirable that all changes made in the property be a matter 
of record and such records incorporated with the inventory and 
appraisal in such a way as to keep it up to date at all times. In 
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theory this is perhaps not a difficult matter; in practise, however, 
it becomes a very difficult one, due to the tremendous amount of 
detail involved in keeping track of all of the changes in the prop¬ 
erty which are made from time to time. This difficulty is also 
increased by the fact that most of the construction reports, 
that is, reports giving the costs of construction, are not made out 
in the same form as is the appraisal, nor are the costs of construc¬ 
tion ordinarily sufficiently analyzed to permit of their being incor¬ 
porated in and made a part of the appraisal. It is possible 
however, to approximate the desired result fairly closely by divid¬ 
ing • the construction costs into certain capital accounts and by 
keeping a segregation of the total moneys invested in each capi¬ 
tal account and likewise keeping a segregation of the items of 
equipment or materials which are added to the capital classified 
under this account. To illustrate what is meant by this, we 
might take for instance the item of 11 poles 7 and consider that 
we have a capital account representing the investment in poles 
and fixtures. An inventory of the property would naturally 
show under the account of poles and fixtures the number of poles 
of each length, size and kind; also under this account would be 
listed the number and detailed description of all fixtures attached 
■ to these poles. Now after the inventory is completed, if we as¬ 
sume that some changes are made in the property involving 
the removal of several poles of different sizes and replacing these 
poles with other poles also of different sizes, it is almost impossible 
to get a correct analysis of the cost of doing this work of taking 
out the old poles and the proper charges for installing each of the 
new poles of each size. On the other hand, it is not difficult to 
determine an amount which as a whole should be charged to 
poles and fixtures and to keep track of the number of poles of 
each size removed and also installed. 

Any plan of keeping an inventory and valuation up to date is 
going to necessarily involve a more careful analysis of construc¬ 
tion costs than it has been the general practise to keep in the 
past, and also it is going to make necessary a more elaborate 
system of accounting for expenditures by the bookkeeping depart¬ 
ment. In the last few years great changes have been made in 
keeping the books of public utility properties by increasing the 
number of accounts through which all expenditures such as 
operation, maintenance and capital expenditures are charged, 
and just how far this increasing of the number of accounts which 
are required will go is a matter which is yet to be determined. 
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This elaboration of the accounting methods, however, will 
probably be continued to some extent at least and will make 
necessary more careful and detailed records of construction 
costs, which will in turn make the work of keeping valuations up 
to date simpler than it has been in the past. 

It will, therefore, probably develop that the keeping of an 
inventory and valuation up to date in the future will be accom¬ 
plished, with a very fair degree of accuracy, by a compromise 
between the detail in which an inventory and valuation is made 
from a field inspection, and the capital accounts that have been 
or are now carried on the books of a company. In other words, 
it will be necessary to sacrifice some of the details of the field 
appraisal and to elaborate the capital accounts in order to obtain 
a practical system of keeping an inventory and appraisal up to 
date. 
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duced and is ready to operate, our working capital calculation 
then becomes an estimate of the additional cash money which 
will be necessary for the company to use until its revenue from 
operation, (and for this purpose we can assume the complete 
existing revenue) has accumulated to such an extent that no 
additional capital is required in its ordinary operating business. 

Under such an assumption it becomes at once apparent that 
the company is entitled to cash to pay its operating expenses 
during the first month before it bills any of its customers, and 
during such part of the second month until the bills for the first 
month are paid. We can assume that the rate to be found will 
cover merely the complete operating expenses plus a fair return, 
and it is then obvious that the return itself belongs to the stock¬ 
holders at least as soon as it is received, and that this money 
cannot be considered as available for working capital. For 
instance it would be quite proper to pay dividends daily, if it 
were not inconvenient. In any event after the dividends 
and taxes are paid such funds are exhausted and the original 
amount of working capital is always necessary. 

After a eoiripany has been in operation for a short time it will 
find that while most of its customers pay their bills within the 
stated period, other bills are held back due to adjustments or the 
natural slowness of certain individuals to pay their bills, and for 
other causes, so that some additional money must be provided 
to cover the operating expenses occasioned by such customers. 
These may change as individuals, from time to time, but as a 
class they remain permanently and the company never regains 
this cash investment. 

This theory of the development of working capital is based 
for three of the important items, upon the customer’s individual 
responsibility for the cash investment required by a utility in 
its general business operations. The main items of such responsi¬ 
bility may be divided as follows: 

1. Service received by the customer in advance of his payment 
therefor. 

2. The demand of the customer for merchandise and miscel¬ 
laneous supplies, and his receipt of the same before payment. 

3. The demand of the customer for uninterrupted service which 
requires a reserve supply of fuel. 

4. The general cash balance required by the utility irrespec¬ 
tive of the customer’s direct responsibility. 
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The Service Received by the Customer in Advance of his 
Payment Therefor 

In the ordinary practise, of an electric utility, for instance, 
the customer receives his service over a period of 30 days. At 
the end of this period the meter is read by the company and the 
amount of monthly consumption is determined. A certain 
amount of time is then necessarily taken by the company in 
transferring the record of this consumption from the meter 
books to the customer'ledgers, and in making out, checking, 
rendering and delivering the bill to the customer. 

A certain time then elapses before the actual payment is 
made by the customer. This may, or may not, be hastened by 
prompt payment discounts. In addition to the ordinary bills 
which are rendered and paid promptly, there are many larger 
bills, including municipal bills, which often are not paid promptly, 
and a study of the books of any utility discloses the fact that 
most companies have a certain amount of accounts receivable, 
which they carry from month to month, and year after year, 
and these require an actual and permanent cash investment. 

Each one of these processes, and the accounts, must be care¬ 
fully studied over a period of one year, and sometimes for a 
longer period, to determine accurately the actual cash invest¬ 
ment for the particular business under observation. 

The customer's responsibility for this cash requirement is, 
however, a very definite one. This is perhaps best illustrated by 
the practise in England of requiring many electric bills to be 
paid quarterly or annually in advance. Such a payment not 
only relieves the customer of the responsibility for the equivalent 
amount of working capital, but actually establishes in his favor 
a slight credit, due to the interest upon the money so received in 
advance. The customer’s responsibility is eliminated if a 
deposit is required in advance, if interest be paid upon such 
deposits. In most states, however, a requirement is made that 
legal interest be paid upon such deposits, and the payment of 
this interest cancels the obligation, and the company must make 
its cash investment to cover the delays. 

It is perfectly possible to conceive of a certain type of advance 
payment which would relieve the customer of his responsibility 
for working capital, to cover the outlay of the utility between the 
average time of the receipt of his service, and his payment there¬ 
for. But certainly this is not practical in American commer¬ 
cial practise, and it is much better that the usual business pro- 
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eedtire obtain, and that a corresponding allowance lie made for 
working capital to cover such delay as a regular invest nu nt.upon 


which the utility is entitled to a fair return, as it would be in case 
the same amount of money was invested in tangible properly 
for the service of the same customers. 


The Demand of the Custom kk fur Merchandise a no Mis¬ 
cellaneous Supplies and ms Receipt of the Same before 

Payment 

In a similar manner it is eusiomary lor customers to require 
merchandise supplies from the utility upon demand, This 
necessitates the utility carrying? in stock, a general lira* of mer¬ 
chandise suppliesw-m that the customer can In* promptly supplied, 
Most of these supplies, as a matter of convenience. are plaeed 
upon the service bill of the month following, and take their usual 
course in being paid. 

Here again, if the customer were willing, that the company 
should do a jobbing business, and upon receipt ot am order deliver 
the article from the supply house to the customer at the utility's 
convenience, there would be little necessity tor working capital 
to rover such supply. Such a method, however, is not praetieal 
and it is therefore necessary to establish in working eagiial an 
item to represent the amount of cash actually used by the unit* 
pany in its preparation to supply the customer, on demand, all 
of Ins desires in the way of merchandise. 

The Demand of the Customer for l* ninthrr t ptkd Service 
which Rkqeires a Reserve Hitti.v of Feel 

Not very different is the responsibility thrown upon the com¬ 
pany for constant and uninterrupted service, which requires a 
large supply of fuel to be carried on hand, as an insurance to pro¬ 
vide constant and uninterrupted service, as in providing against 
strikes or other contingencies If the customer were willing, to 
take the responsibility, or the inconvenience of such delays* 
this item for working capital might be eliminated. Such an 
arrangement, however, would be absolutely impractical, and 
proper service requires that the company carry a large supply 
of fuel against such emergencies, This often involves a very 
large sum, as some of the companies, in tin* larger cities, attempt 
to carry it fuel sup-ply which would provide for all of the needs *>i 
the company for a period of one half year or more, as experience 
has shown that protracted coal strikes are apt to run for such a 
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however, of the proper development of the correct sum to be 
allowed, leads to the conclusion that these two items should 
appear in working capital, and should be omitted in the inven¬ 
tory of the physical property. 

This is main ly for the reason that the actul amount of mer¬ 
chandise supplies, or fuel on hand, at the date of the physical 
inventory, does not necessarily represent a true or proper allow¬ 
ance for such times. For instance, if the inventory is taken in 
the summer when coal is running freely from the mines, we would 
not expect the inventory value of the coal to represent properly 
the amount which the company, on the average, must spend for 
maintaining an adequate fuel supply. On the other hand, an 
inventory of merchandise supplies taken on the first of December 
would be high, as such sales are pushed harder during the holi¬ 
day season than at other times, and if the inventory were taken 
immediately after the holiday season, it would show an amount 
which is less than the average. 

It is now proposed to show in some detail how the actual cal¬ 
culation is made for working capital on the basis outlined above. 
The first process is to study the actual methods used by the com¬ 
pany in reading meters and its bookkeeping and billing processes. 

In a certain company under observation, it was found that all 
meters were read in a period beginning with the 15th day of the 
month and ending with the 25th day of the month so that the 
total time occupied between the actual average date of the ser¬ 
vice and the payment of the bill was as follows, the meter being 
read for an average thirty-day period. 


Average day’s use of total consumption during 

tlie month.. 15 days 

Average days between the reading of the meter 
and getting the bills into the hands of the 

customer.. 10 “ 

Average days elapsed between the delivery of 

the bill and the payment therefor. 13.35 “ 


Total number of days between the average re¬ 
ceipt of the service and the payment there¬ 
for. 38.35 days 


In determining the average time between the delivery of the 
bill and the payment therefor, the following actual record of 
daily receipts was taken for a month of 30 days. 
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Daily Receipts April 1914. 
Receipts Amount 

Days—Dollars 

April 1 

$3,537.19 X1 

3,537.19 

“ 2 

2,823.51 X 2 

5,647.02 

* 4 

5,364.70X4 

21,458.80 

« 5 

4,298.64X5 

21,493.20 

“ 6 

5,009.91X6 

30,059.46 

“ 7 

3,811.89X7 

26^83.23 

“ 8 

4,189.34X8 

33,514.72 

“ 9 

7,166.74X9 

64,500.66 

“ 11 

7,657.94 X 11 

• 84,237.34 

* 12 

7,199.39X12 

. 86,392.68 

“ 13 

5,638.42X13 

73,299.46 

* 14 

3,850.78X14 

53,910.92 

« 15 

18,933.35X15 

284,000.25 

* 16 

3,842.05X16 

61.472.80. 

« 17 

3,609. 68 X 17 

61,364.56 

“ 18 

2,314.02X18 

41,652.36 

“ 20 

3,262.20X20 

65,244.00 

• 21 

2,806.11 X 21 

58,928.31 

« 22 

4,145.58X22 

91,202.76 

“ 23 

3,421.53X23 

78,695.19 

« 24 

972.73X24 

23,345.52 

“ 25 

1,443.13X25 

36,078.25 

“ 27 

1,508.59X27 

40,731.93 

“ 28 

2,889.65X 28 

80,910.20 

“ 29 

876.23X29 

25,410.67 

« 30 

1,293.06X30 

38,791.80 


$111,866.36 

$1,492,563.28 

$1,492,563.28 

4- $111,866.36 = 13.35 



The total amount received, corresponded almost exactly with 
the total new billing for that month and the total days-dollars 
was divided by the total number of dollars, giving an average 
tim e of payment, 13.35 days. From the above tabulation we have 
therefore the total number of days between the average time of 
service and the payment of the bill of 38.35 days. As this cal¬ 
culation was taken for the month of April, the above amount of 
38.35 days is considered as a certain part of a year of 360 days, 
which actually works out to be 1073 per cent of a year delay. 

The total operating revenue of this utility for the year was 
found to be $1,312,786. From this was deducted the revenue 
billed weekly, $172,924 leaving $1,139,862 applicable to monthly 
bills; 10.73 per cent, the yearly delay, was then applied to this 
am ount, $1,139,862, giving the total gross cost of the delay, 
resulting from the difference in time between the average time 
of service and the payment therefor, of $122,877. 

The operating ratio, excluding taxes, for that year, of 46.5 per 
cent for the particular company under observation, has been 
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applied, making a net operating cost of delay in this case on 
monthly bills of $57,138. 

This application of the operating ratio, is upon the theory that 
the company should only be reimbursed for the actual moneys 
required by operation, and that no working capital should be 
necessary to cover that part of the receipts represented by such 
expenditures as taxes, depreciation, bond interest, dividends 
and surplus. # 

This theory has some justification as it represents the imme¬ 
diate cash outlay of the company in advance of its payment there¬ 
for. On the other hand, we can consider that the actual rate 
schedules in force are a contract between the customer and the 
utility, and that payment is due on the entire amount, and that 
any delay in such payment requires an actual loss on the part 
of the utility, and that either it is entitled to an immediate 
payment therefor in full or else it is entitled to the full amount 
as working capital and a fair return thereon. It is not unlikely 
that the commissions and the city authorities will insist upon 
this operating deduction, as it certainly has the effect of reducing 
to a large extent the amount of working capital, but there is no 
doubt that an equitable claim can be made up by the utilities 
for the full 100 per cent due without any deduction therefrom, 
by applying the operating ratio. 

A similar study was made of the weekly bills, as applied to the 
amount of this revenue, $172,924. This study showed that five 
days were occupied in average time of use and billing, and seven 
days in payment making a total delay of 12 days. This was 
applied in the ratio of 12 to 365 days showing the average annual 
delay of 3.29 per cent, which when applied to the total revenues 
from weekly billing gave an additional gross sum, of $o689, 
and after the operating ratio of 46.5 per cent was applied, showed 
a total net operating cost of $2645. 

Permanently Open Accounts 

The accounts for the same utility, showed an average of open 
and unpaid accounts at the end of each month, mainly duetto 
large customers and municipal lighting, after the current bills 
had been paid and before new bills were entered, varying from 
month to month from $62,000 to $112,000 per month. These 
accounts were entirely separate from the current business which in 
general was paid for after the delay of 38.35 days, as shown above, 
and represented the amount for which the company had to supply 
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r-asl-1 from month to month and year after year. The actual 
average for one year of this utility proved to be $85,000 and this 
has been added to the working capital. 

Merchandise Supplies 

The total amount of merchandise and general supplies pur¬ 
chased by the company during the year was found to be $152,604. 

A careful study of this business demonstrated .the fact that the 
average turnover in this class of sales was four times during the 
year, so that the actual cash cost to the utility of carrying its 
merchandise supplies over the year averaged one-fourth of the 
total purchases, or $38,151. In this case no charge was made for 
loss or breakage, though this can be legitimately claimed. . 

Fuel Supply 

The total amount of fuel purchased during the year was 
$182,362 and a careful investigation showed that it was the policy 
of the company in actual practise never to let this supply o 
fuel go below a two month’s requirement, so that one sixth of 
the coal purchased during the year was therefore used m the 
calculation of this item of working capital or $30,394. To this 
was added the sum of $2,000 to cover the average shrinkage 
and deterioration due to such storage. 

Minimum Cash Balance 

Probably the most difficult item in any estimate of working 
capital is the establishment of a proper amount for the cash 
balance to take care of the ordinary business requirements of 
the company. A study must be made of the usual methods of 
the company in doing all of its business including such items 
as petty cash, traveling expenses, advance to agents and solici¬ 
tors, advance on account of payroll, prepaid items, such as 
insurance, number of deposit accounts with banks, and its gen¬ 
eral methods in conducting its ordinary business. This amount 
in actual practise is found to be more or less alike for each 
particular utility, but it is, in general, influenced by local con¬ 
ditions and the practical business methods of the company. 
Mr Palmer, in his report on the Commonwealth Edison Com¬ 
pany, used a sum of $500,000 as the minimum cash balance, 
which was about 3.6 per cent of the total operating revenue 
of that company for the year. It has been found, however, 
by|actual study that smaller companies require a slightly larger 
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percentage and in general a minimum cash balance of 5 per 
cent of the operating revenue for the year under consideration, 
is not excessive for this item, and for small companies should 
even be larger. The operating revenue of the company under 
consideration being $1,312,786, for the purpose of this calcula¬ 
tion of 5 per cent has been used giving a minimum cash balance 
of $65,639. 

The total summary therefore of the above items of working 
capital, would be as follows for this particular company, having 
a total annual revenue of $1,312,786: 


Delay from monthly bills. $57,138 

Delay from weekly bills. 2,645 

Average open accounts. 85,000 

Merchandise supplies. 38,151 

Fuel reserve. 32,394 

Minimum cash balance. 65,639 


Total working capital. $280,967 


In this particular instance, however, it was found that the 
utility had on hand $23,377 of customer’s deposits, upon which 
no interest was paid. It was therefore necessary to make this 
reduction from the total, leaving a net total working capital 
of $257,590. 

It is believed that this theory of working capital, after a 
full experience is gained in working it out in actual practise, 
will develop into a practical method for the determination of 
this important item, and that the soundness and equity of the 
theory will eventually be recognized by the courts and com¬ 
missions. 
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Discussion on “ Inventories and Appraisals of Proper¬ 
ties ” (Cory, Vincent, Norton). San Francisco, Cal., 
Sept. 16, 1915. 

Overhead Charges 

Philander Betts (by letter): In making up the valuation of 
public service properties, it is customary in many cases to 
appraise the property by using unit prices which represent 
the basic cost to the company doing the work and then after 
the appraisal is completed on this basis, to make additional 
allowances to cover such items as engineering, interest during 
construction, taxes, damages and insurance during construction 
and such other items as are not ordinarily allowed for in making 
up the unit cost price. 

In determining the amount to be added to represent the items 
referred to, it has been customary to compute these items by 
adding a percentage on the whole cost, using a single figure to 
represent the allowance for overhead charges. The amounts 
allowed or claimed in various cases have ranged from ten to 
thirty per cent, depending on various circumstances. There 
has been a tendency on the part of some regulating bodies to 
hold down these allowances to a minimum figure. There has 
likewise been a tendency on the part of many corporations to 
make extravagant claims for these same allowances. Within 
this wide field, there is ample room for discussion and argument, 
and such discussion and argument is based in very many cases 
on assumptions which cannot be easily proven when the entire 
property of a public utility company is being considered. 

It does not require any lengthy discussion to- show that 
the item of interest during construction would have to be paid 
for a longer period on real estate upon which a building is to be 
built, than upon the building which is to be built upon it. 
Interest during construction would be paid for a still. shorter 
period upon the amounts required to install the machinery to 
be located in the building referred to. In the purchase of real 
estate, an allowance for brokerage may be necessary, while on 
the other hand allowances for accidents, damages etc. during 
the construction period would be entirely out of place in arriv¬ 
ing at the cost of the land. 

In constructing a complete system for the supply .of. gas, 
water or electricity, it is necessary first to make a preliminary 
study of the territory to be supplied, second, to select in general 
a location for the generating or pumping station;; third, to 
purchase real estate; and fourth to design a plant suited to the 
location which has been selected. 

The mains first laid, which would ordinarily cover the well 
built up portion of the town, would be installed in accordance 
with a general plan, and perhaps by a contractor, while the 
extensions made at a later time would ordinarily be made as 
the actual needs for them developed. 
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Office furniture and supplies and many other items would 
be put into service immediately upon their receipt, and fre¬ 
quently before the bills for them have been actually paid. 

For the reasons given above, it would appear that allowances 
for overhead charges should be made up for each class of prop¬ 
erty in order to justify fully the allowances made or claimed. 

In the writer’s work for the New Jersey Public Utility Com¬ 
mission, it has been customary to gather all possible data con¬ 
cerning unit costs and overhead charges from the books of 
the company whose property is being appraised. Information 
so developed shows a wide variation in the actual amounts 
charged to construction for what are known as overhead charges. 

Some companies, in order to justify to themselves the cap¬ 
italization of all overhead charges including contractor’s profits, 
have entered into contracts with dummy construction com¬ 
panies, and so far as the books show, all construction has been 
done by the construction company at prices which have included 
full allowances for all classes of overhead charges. 

In a recent case, however, where the financial affairs of a 
group of companies were being reorganized, it was found that, 
due to the majority ownership by a very competent engineer 
who was personally interested in building up for himself a 
valuable property, the total amount actually charged for 
the purposes under discussion was less than 5 per cent, on the 
cost of physical property. The aggregate value in the group 
of companies referred to was not far from $9,000,000. 

The writer has discussed the subject of overhead charges 
with the executives of a number of New Jersey public utility 
companies, and has pondered the subject in order to arrive 
at a conclusion as to whether overhead charges in the case of 
appraisal of properties should be included in accordance with 
the method formerly employed by the company or whether, on 
the other hand, affair allowance for overhead charges should 
not be made in all cases, no matter what the conditions under 
which the company’s property was created. 

In the very interesting discussion before the Interstate 
Commerce Commission in the last week in May 1915, at which 
were present representatives of the railroads and of the state 
commissions, discussion of overhead charges took place. In 
following the discussion, it is quite clear that conclusions had 
already been reached by the majority of those taking part in 
the discussion, that overhead charges on a fair average basis 
were to be included in all cases, and there remained only tor 
actual determination the period of time within which the prop¬ 
erty could be reproduced. u 

Some three years ago, in an important telephone case be:tore 
the New Jersey commission, the writer was impressed. with 
the absurdities which have crept into the various definitions 
of reproduction cost, and which have resulted in casting con¬ 
siderable discredit upon such methods of appraisal. At that 
time, the writer put forth the following definitions. 
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to the real estate agents concerned in the transaction; the cost 
of searching the title, conveyancing and recording will have to 
be borne. For all of these items, I have concluded that an 
allowance of 5 per cent was proper. 

In constructing a gas plant or a set of gas plants, such as 
are found in the system of a certain large company, it would 
be reasonable to allow interest on land for a period of two 
years; at 6 per cent per annum this allowance will amount to 
12 per cent. Taxes likewise w r ill have to be paid for two years 
at 1J per cent, which is low if anything, a total of 3 per cent. 

The total for all allowances for the overhead charges to be 
applied to land, 20 per cent. 

(It is true that in a recent decision of the United States 
Supreme Court, overhead charges on land were ruled out, it 
being held that land should be valued at its real present value. 
The writer is not contending that the land has any greater 
value because of the overhead charges, referred to above, but 
insists that these charges must be met, and if not included as 
a part of the value of the land, must be elsewhere included in 
order that a proper estimate may be made of the cost of the 
property.) 


GENERAL STRUCTURES. WORKS AND STATION STRUCTURES 

Allowances for buildings will include preliminary study made 
by officials of the company—1 per cent; architect’s fee 5 per 
cent. If in making up the appraisal on the buildings, we use 
unit costs which represent the cost to the builder, there will 
have to be made an allowance for errors, omissions and con¬ 
tingencies of 5 per cent; and for accident, fire and tornado 
insurance during construction 3 per cent, a total of 8 per cent 
to be added to the actual cost to the builder himself to arrive 
at the cost to the company, omitting the builder’s profit. In¬ 
spection during the progress of the work which will be made 
by the officials of the company has been placed at 1§ per cent, 
this resulting in an amount which is not far from amounts 
which are being paid at the present time to engineering inspectors 
employed by owners. An allowance for interest at 6 per cent 
for one year also appears to be proper. 

The allowance for overhead charges on buildings will there¬ 
fore be made up as follows: 

Basic cost to the builder. 100 per cent 

Builder's allowance. 8 “ “ 

Total. .’ 108 u “ 

Builder’s profit, 10.8 per cent on cost to 

him. 10.8 “ “ 


Builder’s charge to owner. 118.8 “ 11 

Architect’s fee and inspection charge 6 per 

cent on builder’s charge of 118.8. 7.13 “ « 


Total . 125.93 « * 
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* interest for one year on amount of money 
to be expended by company in connec¬ 
tion with the building 6 per cent on 

125.93. 7.55 “ * 

Cost of inspection during the progress at 
1| per cent on builder’s charge of 118.8 
per cent. L. fo 

Total. 135.26 « “ 

I have therefore adopted as the allowance for overhead 
charges to be made in this case, 35 per cent, which is to be 
added to the figures representing the basic cost to the builder. 

GENERAL EQUIPMENT 

General equipment consists of general office equipment, shop 
equipment, store equipment and stable equipment, and the 
total value in comparison with the value of the whole plant is 
small. 

Most of this equipment is purchased at or about the time 
the company actually commences to supply customers, and is 
of such a general character that it is actually put into service 
before bills have to be paid. For this reason no great allow¬ 
ance for overhead charges need be made. 

Such equipment, however, is somewhat varied in character, 
and in making an inventory it is liable that many items may 
be overlooked. For this reason an allowance of 5 per cent is 
made for errors and omissions. No other allowance appears 
to be necessary as this equipment is purchased by the operating 
officials of the company in the regular course of operations. 

PLANT MACHINERY AND EQUIPMENT 

Plant machinery and equipment includes practically the 
whole of the manufacturing plant and the following allowances 
appear to be justified. 

The actual allowances in the case of a certain gas company 
are as set out. 


Preliminary study.... 1 per cent 

Engineer’s plans and supervision. 5 a 

Inspection as the work progresses. 1 " “ 

Errors, omissions and contingencies. 3 “ “ 

Insurance, accident and fire, etc... .. 3 “ “ 

Interest for 9 months at 6 per cent. 4.5 “ “ 

Fuel and labor in testing the plant. 0.5 11 “ 

Watchman’s services. 1 “ “ 

Contractor’s profit. 10 u a 


The allowance for errors, omissions and contingencies, in¬ 
surance, and watchman’s services must be added to the basic 
cost to the contractor in order to find the charge made by the 
contractor to the company. 

Taking as the basic cost to the contractor 100 per cent, an 
allowance of 7 per cent must be first added, making the basic 
cost to the contractor, 107.0 per cent. To this the contractor 
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will add a profit of 10 per cent or 10.7 per cent. The total 
charge which the contractor will make to the owner will there¬ 
fore be 117.7 per cent. To this must be added the cost of 
preliminary study 1 per cent. Engineer's plans and super¬ 
vision, 5 per cent. Inspection as the work progresses, 1 per cent. 
A total of 7 per cent of the amount charged by the contractor 
117.7 per cent amounting to 7.75 per cent. Interest at 4| per 
cent for a period of nine months will be paid upon the amount 
charged by the contractor, 117.7 per cent, amounting to 5.3 
per cent. An allowance for fuel and labor in testing the plant 
at \ per cent upon the charge made by the contractor amounts 
to 0.6 per cent. The total of this allowance is as follows: 


Charge made by contractor. 117.7 per cent 

Engineering, inspection and supervision.. 7.75“ “ 

Interest during construction. 5.3 “ u 

Testing of plant. 0.6 “ “ 


Total of . 131.35 “ * 


It is probable that the allowance for interest may be too 
high due to the fact that some payments will be held back 
until the plant is completed, and to the further fact that con¬ 
tractors frequently accept bonds in pa 3 unent for work which 
will afterwards be disposed of in such a way that interest does 
not commence to accrue until a short time later. 

The allowance for fuel and labor in testing the plant and for 
watchman’s services have not been selected arbitrarily, but 
have been made up by taking a number of typical cases and 
calculating the actual amounts expended for these purposes 
and ascertaining the percentage relation between these amounts 
and the cost of the property. 

On the w T hole, I feel that an allowance of 30 per cent for the 
overhead charges in connection with plant machinery and 
equipment is fair. 


TRANSMISSION MAINS 

Taking as the basic cost 100 per cent, an allowance of 2 per 
cent for errors and omissions and 1 per cent for casualty in¬ 
surance appears to be sufficient. 


The cost to the contractor will be. 103 ' per cent 

The contractor’s profit at 10 per cent equals 10.3 “ “ 


Charge by contractor will be. 113 3 “ “ 

Interest during construction at 6 per cent 

for a period of one half year will be. 3.399 “ “ 

Taxes at 1 per cent will be. 1.133 “ “ 

Engineering 5 per cent on charge made by 

contractor 113.3 per cent. 5.665 “ “ 


Total cost to company by time work is 
completed. 123.497 “ “ 


The allowances made, appear to be so consistent that I have 
adopted the figure of 23.5 per cent as the allowance for over¬ 
head charges of all kinds on transmission mains. 
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DISTRIBUTION MAINS 

A portion of the distribution mains system will be constructed 
perhaps by general contractor. In the large systems in exist¬ 
ence today, however, the great proportion of the existing systems 
have been constructed by forces in the permanent employ of 
the companies, and practically all of the overhead charges 
have been absorbed and paid through the operating expenses 
of the company. 

In a given case, however, taking again the basic cost as 
100 per cent, it appears proper to allow for errors, omissions 
and contingencies 3 per cent; and for casualty insurance 
1-per cent; a total net cost of 104 per pent. 

Interest at 6 per cent for six months is 3 per cent,, taxes 1 
per cent and engineering 2 per cent, gives 6 per cent which mu^t 
be computed upon the net cost to the company amounting 
to 6.24 per cent of the basic cost. This gives a total cost to 
the company by the time the distribution mains are ready for 
use of 110.24 per cent. An allowance of 10 per cent spread 
over the entire distribution system appears to be proper. 

SERVICES 

In the construction of the services to the customers 7 prem¬ 
ises, practically all of this work is done by the company itself, 
and as stated in connection with distribution mains most _ of 
the overhead charges are absorbed and paid .for in connection 
with operating expenses. In the laying of services, however, 
there are frequently obstructions w r hich render estimates some¬ 
what unreliable, and it therefore appears that an allowance 
for contingencies is necessary. For errors and omissions, I 
allow 5 per cent upon the total net cost of services. 

METERS—METER INSTALLATION—STREET LIGHTING FIXTURES 

Practically all of the work under these headings is done by 
the permanent forces of the operating companies, and it does 
not appear necessary to make any allowances for overhead 
charges providing the inventory itself has been accurately 
prepared. 

TOOLS AND APPLIANCES 

Tools and appliances by many companies are charged im¬ 
mediately into operating expenses, although the permanent 
equipment of this kind is naturally properly chargeable to 
capital account. 

Because of the varied nature of such equipment, an allow¬ 
ance for omissions is essential. No other allowance appears 
to be necessary, and I consider an allowance of 5 per cent suf¬ 
ficient to cover all the overhead charges applicable in connection 
with tools and appliances. 

LABORATORY EQUIPMENT 

Laboratory equipment will ordinarily be purchased at about 
the time the company commences business; will be purchased 
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by the company’s own management; will be installed by the 
company’s own regular forces. In equipment of this kind, how¬ 
ever, there is so much incidental work that an allowance should 
be made for errors and omissions of at least 5 per cent. No 
other allowance appears to be necessary in connection with 
this class of property. 

In order to carry out the plan laid down above, instructions 
have been issued to the computers in the employ of the New 
Jersey Commission somewhat as follows: 

The unit prices to be applied in computing the appraised 
cost of the various classes of property of a certain gas company 
are to include the allowance for overhead charges in accordance 
with the schedule for overhead charges given above. There 
is to be first ascertained the net cost to the one who does the 
work, be he contractor or company. This net unit cost has 
been heretofore referred to as the basic cost. To this basic 
unit cost will be added the allowance for overhead charges in 
accordance with the percentage heretofore adopted and the 
unit prices to be used in making up the appraisal will therefore 
be found throughout the body of the appraisal. 

RESULTS OF THE APPLICATION OF ABOVE SYSTEM 

Although the allowances for overhead charges range from 
5 per cent to 35 per cent, it is interesting to note that in the 
case of a certain large gas company having four or five plants, 
and extending over a wide area of country, the net average 
allowance for overhead charges was 17.2 per cent. I would 
state further that due to variations in the proportion of plant 
and property, and to the difference in magnitude of various 
properties, the application of the above system has resulted in 
net averages ranging between 15 and 17| per cent. Below is 
given a list of the allowances for overhead charges in a number 
of cases. A perusal of this may be interesting, in comparison 
with the above statement. 

Per cent 


Chicago City Railways, by the Traction Valuation 

Commission, 1906 {including brokerage). 21.7 

Columbus (Ohio) Railway and Light Company (elec¬ 
tric) by U. S. Circuit Court, report of Special Mas¬ 
ter, 1906. 9 8 

Minnesota R. R. appraisal by Minnesota R. R. & 

Warehouse Commission, 1908. 17.7 

Northern Pacific Railway, by Washington R. R. 

Commission 1908. 5.8 

Lincoln (Neb.) Gas & Electric Light Company (gas) 
by U. S. Court, 182 Fed. Rep. 926, 223, U. S. 349, 

359,1909.. 7.7 

Chicago Consolidated Traction Company, by B. J. 

Arnold and George W eston, 1910. 20.4 

Puget Sound Electric Railway by Washington R. R. 

Commission, 1910. 15.7 

So. Dakota R. R., appraisal by the Board of R. R. 

Commrs. of South Dakota, 1910. 13.7 

Consolidated Gas Co. of Long Branch, by the Board 
of Public Utility Commissioners (N. J.) 1911. 12.0 
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Per cent 

*Kings County Lighting Company (gas) by New 

York Public Service Comm., 1st Dist., 1911. 27.1 

*Queensboro Gas & Electric Co. : by N. Y. Public 

Service Commission, First District. 1911. 31.3 

Peoples Gas Light & Coke Co., by W.J. Hagenah,1911 17.0 
Peoples Gas Light & Coke Co., by Edw. 'W. Bemis, 

1911 . 17.0 

Union Electric Light & Power Co. (St. Louis) by 

St. Louis Public Service Commission, 1911. 10.8 

Chicago Elevated Railways (City valuation) 1912.... 18.0 

Consolidated Gas Electric Light & Power Co. of 
Baltimore, bv the Pub. Serv. Comm, of Maryland, 

1912 . 29.5 

The Milwaukee Electric Railway & Light Company, 

by Wisconsin R. R. Commission, 1912. 12.0 

Public Service Gas Company (Passaic Division) 
by Board of Public Utility Commissioners (N. J.) 

1912. 17.6 


^Includes an allowance for development of the business. 

CONCLUSIONS 

Justice to both the company and the customers involves the 
inclusion of overhead charges on such a basis as would conform 
to the facts if construction work is efficiently planned and 
carried out and construction charges are carefully separated 
from operating charges. Honesty and accuracy in making these 
separations lead to facts, and to the elimination of assumptions 
and the consequent danger of having our conclusions discredited. 
Thus is emphasized the necessity for a carefully worked out 
program, in accordance with which it is assumed that the 
property has been constructed, or would be reproduced. 

The Value to Operating Companies of Well Planned and 
Executed Inventories 

H. Spoehrer (by letter): Public service commission in¬ 
vestigations and rate cases in the majority revolve around one 
question^ namely: what is the justifiable rate applicable to 
the condition appertaining, which will allow a fair return on 
the investment represented. The justifiable rate being directly 
dependent on the investment concerned, it cannot be intelli¬ 
gently or fairly fixed without an accurate knowledge of the 
physical property of the company. This, of course, involves 
the taking of an inventory, if such is not kept up by the com¬ 
pany. . Periodic inventories or inventories taken only when 
necessity demands, are not only more expensive than a run¬ 
ning inventory, but in the case of a large property, consume 
no small amount of time and expense in the making and are 
usually inaccurate. A running inventory intelligently and 
carefully attended is then, most desirable on three points, 
namely expense, accessibility when needed, and accuracy. 

e Numerous occasions arise where a detailed knowledge of 
distribution systems, pole lines or other physical properties 
would be of great advantage to a company. The real need 
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for information in detail is never fully realized until it is found 
that it is not available. In all companies, who . lay claim to 
progressiveness and real service, the old system of replacing 
pole lines, etc. and other property of this kind only when falling 
down, results in possible accidents, and is not now adhered to; 
but fixed inventories'of these properties are kept up from the 
date of their installation, and replacements are made when it 
becomes necessary and before the service is impaired. Tt is 
easily seen that a company, whose construction work varies 
in amount from year to year, is not able intelligently to antic¬ 
ipate the need for replacement, in future years, unless an 
accurate and complete inventory is kept up of such construc¬ 
tion work. To quote a concrete illustration, it is of no value 
to the owners of a property to know that they have erected 
poles to the valuation of $400,000.00 unless they know what 
per cent of these poles will need replacing in the coming year. 

It is frequently of material assistance in order to dispose 
promptly of a company’s securities at an advantageous price, 
if an inventory of its property is immediately available for the 
inspection and ready for verification of the purchase of the 
securities. 

In the case of smaller properties, w r hich frequently change 
hands, an available inventory may facilitate, induce and affect 
a prompt sale. 

Operation of a Public service corporation involves con¬ 
struction expense to a degree not found in any other class of 
business. Construction expenditures can be satisfactorily esti¬ 
mated only from previous similar experiences. A well kept 
inventory is, therefore, an invaluable asset in the .fixing of 
construction estimates. 

The question of working out appropriate plans for extensions 
and replacements is very similar to the one just touched upon. 
Extensions and replacements can be intelligently estimated as 
to expense only from figures of previous similar experiences. 
Where there are no such figures available, plans for extensions 
and replacements are necessarily less accurate than in the case 
of similar work having been previously done. Unit costs are 
made possible only through the keeping of running inventories 
or similar system, and it is a well known fact that unit costs 
are an invaluable assistance in planning the expense of exten¬ 
sions and replacements. 

Plant and property accounts are in a sense inventory ac¬ 
counts. It is a self-evident fact that where no inventory is 
kept up, the valuation shown on the books of the plant and 
property accounts can be little depended upon. By means of 
a running inventory or one periodically taken, corrections can 
be made of the book values of these accounts, so that these values 
really represent the physical valuation of the property as they 
are primarily supposed to do. 

In the matter of setting up a proper amount of depreciation 
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Current Liabilities 

Accounts payable 
Interest accrued 
Wages accrued 

T rder that ^utDity maybe enabled to carry on its business 

resulting from advantageous 
^Ith “ - ti of bills, there must be available, re- 

taymg and discounting ^ sufficient cash on hand to 

S^lLtte ofdSLints. It may be argued that it is not 
take advantage o H as soon as- delivered, because 

^credft is obtainable. Again, it is claimed, 

i Sdity whh reasonable credit may borrow from time to time 
a utility jurn eds Tll e answer to the first argu- 

t0 P + r? Jthata discount is usuaily obtainable for prompt payment 

include the interest charge m 

Ws selling Price, if compelled to carry an account for thirty 
sixty or ninety days. In reply to the second argument, 
borrowing of course requires the paying of interest on loan s, 
which results in a higher operating cost to the utility and in- 
1 hh the rates for service rendered, consequently a fairly 
te ^nunt of cash on hand must always be held as liquid 
JSS? b^every property managed efficient public utility. 

To render efficient service a utility must always have on hand 
and available, an ample quantity of stores and supplies with 
ai }. frhoVe repairs or replacements that are ordinarily de- 
manded °ab & fairly uniform rate, but which must be available 
STtScient quantity at all times to provide for unexpected or 
sudden unusual and exceptional demands. In ordei to maM- 
fadSe’or provide the commodity, which is later sold to its 
customers the utility must purchase and furnish m advance 
of consumption, sometimes for long penods previous to con 
sumption such, items as fuel, oil, labor, etc. Consequently, in 
adSn to cash on hand or in bank, there must be always con¬ 
veniently available or in storerooms a quantity of stores, sup 
nlies repair and renewal parts, as well as fuel, oil or other law 
material required by the manufacturing processes, that repre- 
Snt a proportion of the capital investment of a properly man- 

^In addition to ^stores and supplies on hand, thevalue of 
product manufactured or delivered, but not yet billed, such 
as gas in a holder or electrical energy delivered to consumers 
in advance of the monthly billing, may fairly be included. 
The value of these products, which often represent a substantu 1 
part of the capital of a utility tied up and mvested m the 1busi¬ 
ness has frequently been overlooked or ignored m fixing the 
croper basis for rate making. It will be recognized that the 
books do not show the value of such product a s has been manu¬ 
factured, or possibly sold and delivered, until the bills gains 
the consumers are made out, although the cost of manufacture 
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has accrued against the company. Where bills are made out 
at frequent intervals, the value of the product may not run 
into very* large amounts, but where bills are rendered semi¬ 
annually, for example, the value of the manufactured and de¬ 
livered product may prove to be a very considerable portion 
of the total value of the property. 

Under the generally accepted terms and methods of doing 
business, goods and • materials received are not paid for upon 
delivery, with the result that bills and accounts receivable and 
bills and accounts payable largely tend to offset one another, 
but their difference either as a credit or debit must be taken 
into account in ascertaining the proper and necessary working 
capital of a utility. 

It is frequently the case that the control of a public utility 
is held by a holding or controlling company through stock 
ownership. In such cases it is not uncommon practise for the 
holding company to have turned over to it at frequent intervals, 
perhaps monthly, practically all revenues received by the sub¬ 
sidiary corporation, then all bills for supplies, equipment, sal¬ 
aries, interest and other large items are paid by the nolding 
company, the subsidiary corporations merely keeping small 
amounts of cash on hand with which to pay local, current bills. 
Under these conditions, the holding company and not the local 
corporations, as a matter of act, requires the bulk of the work¬ 
ing capital necessary to conduct the operations of the subsidiary 
corporations, hence the quick assets and cash on hand of the 
latter do not indicate the amounts. required for the proper 
conduct of their business, because in such capes, the cash, 
quick assets and credit of the holding company is used for the 
benefit of the subsidiary companies. In determining the 
proper amount of working capital that should. be allowed a 
subsidiary company, controlled in the manner indicated, this 
credit of the subsidiary company with the holding company 
is usually equivalent in value to quick assets or cash actually 
on hand. This arrangement and credit of the subsidiary com* 
pany with the holding company, together with the cash or other 
quick assets held locally by the former, the value of the stores 
and supplies on hand, both locally and at the distributing center, 
controlled by the holding company and held available for the 
benefit of the subsidiary company, together constitute the 
working capital of the subsidiary company. A fair method of 
ascertaining the total value of the stores and supplies, cash on 
hand and quick assets that may normally be allowed the sub¬ 
sidiary company, existing under such arrangements and con¬ 
trolled as outlined above, may be measured by the methods 
suggested as proper for determining the working capital of a 
utility entirely locally controlled. 

It is generally conceded by authorities in public service 
regulation that the question with regard to working capital is 
not whether any working capital should be provided as a part 
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of the capital cost, but rather the amount of working capital 
to be properly allowed in the sum representing the total fair 
value of the property. 

The amount of working capital will vary with the character 
of the business of the corporation being considered. With 
street railways, for example, where the fare is paid by the 
passenger in advance of the service to be rendered, the amount 
of cash working capital required by such utility will be very 
much less than in the case of a water works corporation, which 
sends out bills only once in three or six months and receives 
a payment from four to eight months after rendition of service. 

lhe cash on hand at any particular period, or the avera.ee 
of different periods, may not fairly indicate the cash quick’lv 
avanabie for a utility, because other quick assets or individual 
ciedit may permit the drawing down of cash actually on hand 
to a minimum. In a similar way, the value of stores and 
supplies found to be on hand at any particular time may not, 
£t a f^ir indication of the amount to be allowed for this purpose. 

nnin+c f tance °l-\ partlcular utility being considered, from the 
points from which stores and supplies are principally shipped 

nSc 1 w e ri, eqU + re m f0r fflh f ng orders by the manufacturers after 
con?^tioi he a u a K dlneSS of t rans P° rt ation, due to distance or 

the S mi?^+t 1 Tl ° n t! ? e q uest i 0 n of proper allowance of 
the quantities and hence the value of stores and supplies 

prope?°am<Snt h °of S been ? uggested for determining the 

classes ^ orkmg ca P ltal required for the different 

geniallv aSent^ K^ ° r av ? rage conditions. A very 

Ssh Stw L i Y ° f estlm ate is to base the amount of 

revenues ThL con / ide ration of the annual gross 

* . . 1S ^ asis has been frequently accepted by courts 
f i . ■ mi ss i 9 ns as reasonable, because related to the*amount 
S bem V‘“““ted and dependent, in a large 

VMyinfpic'SS o a f nd td heir n r Ily SSS: 

z2£ifsr*h 

and 1 gf.gr f * **“» 

railway property afe™Sd ™ f “ S N el “‘nc light and street 
yearS '- Sh ° WS ' **%*2&'m percent 

isr«"ss Thisisirii ^ 

special weight as showing th<a^9£’ 1 therefore > seem to have 

fcW.qiSTiXgd™ 8 ' C ° nm ° n “ d 

work“?c a fp5^^^ 

conditionsnXwhi 


PUBLIC SERVICE COMMISSIONS—WORKING CAPITAL ALLOWANCES. 
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rendered by the utility, or received from its customers by the 
corporation. It will be seen that where receipts do not come in 
for fifteen davs, for example, after the expiration of the period 
to which such receipts relate, and the bills upon which such 
receipts are based are rendered the first of the month for service 
performed during the preceding month, the current liabilities 
of the corporation being largely incurred before the service is 
rendered, the payment of which liabilities under the wisest 
business management should not and cannot be deferred, there 
must be provided and available sufficient cash working capital 
to meet at least two months’ average payments. When bills 
are not rendered monthly but over longer periods, still larger 
amounts of cash working capital must be provided than would 
be indicated by a two months’ average payment of expenses. 
Moreover, an amount larger than that required to meet normal 
average conditions must be allowed to provide for the con¬ 
tingent, unexpected and abnormal condition caused by strikes, 
financial stringencies, fire, accident or other unusual events, 
which prevent the normal receipt of revenue or call for more 
than normal expenditures. 

A third basis of ascertaining normal working capital to be 
allowed any particular corporation is by fixing a ratio of that 
capital to the appraised value of the property. A consideration 
of the decisions of public service commissions and courts indi¬ 
cates that the sum of working capital allowed to cover stores 
and supplies and cash, together with quick assets, varies from 
3 to 6 or 7 per cent of the appraised value of the property; 
the stores and supplies frequently being about twice the amount 
of cash or cash assets. As explained above, the amount will, 
of course, vary with the character of the utility being considered 
and the practise that exists as to the frequency of rendering 
bills for service rendered and the promptness of payment of 
the users. From an examination of the decisions of com¬ 
missions and courts, the accompanying table, showing typical 
allowances made for working capital, has been prepared. 

W. F. Lamme (by letter): To a man of business affairs, it 
sounds strange to have the statement made as if it were some¬ 
thing new, that working capital is necessary, for to him it is 
self-evident that such capital must be furnished; however, to 
the average layman, it seems that the need for such capital 
must be explained and this is done very completely in the 
paper by Mr. Norton. 

In the appraisal values to be given a public utility, the public 
or consumers are concerned usually only to the extent of their 
effect on the rates, and to a minor extent on the effect they 
bear on the tax rate or additional burden thrown on the general 
public, but the public utility company, that is, its stockholders, 
is concerned to the extent of conserving its investment and to 
securing a fair or sometimes more than fair return or dividends 
upon the same. 
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Since there can be no public utility without capital and no 
capital can be secured without assurances of ample returns, 
then rates must be such as to attract and furnish capital, and 
after capital has been expended and the rates are fixed by 
parties or powers outside the control of the utility company, 
it is manifestly unjust to fix rates which will not yield fair 
returns on all expenditures made and all risks run.. 

Such, then, being the law of investment, the chief items in 
rate making are to find out the amount of the investment— 
the amount of the risk, and the amount of the.returns to be 
allowed. From these items it ought to be possible to choose 
a fair rate. 

In the above, it is noted that the amount of the investment 
is the fundamental item, and to illustrate in a concrete form 
what is meant by this term investment, take the example of 
the construction and operating of an ocean steamer. 

With an ocean steamer, about the following would be the 
course of procedure. 

1. An investigation is made to learn the probability of such 
a steamer as proposed making a return on a probable cost. 

2. What is the probable risk on the cost if made. 

3. The approximate cost of steamer. 

4. The approximate cost to operate. 

5. The probable net earnings. 

All the above investigations must cost some person or persons 
or company something or they would not have been made and 
are part of the investment and finally if the vessel is built these 
items of cost must be added to the total other costs and this 
final amount is what makes up the term which is known as the 
investment. The owners have a right to a fair return on this 
investment befitting the risk taken and this should include a 
reward to the “fellow who had the idea” and carried it to a 
conclusion. 

So in a public utility, which usually starts in a small way 
and is gradually increased or is absorbed into a larger and more 
extensive utility, the risk from the start and the returns on that 
risk should be considered and if the returns are not ample k to 
cover this risk, addition should be permitted to be made to 
capital or investment in the way of stock or otherwise to com¬ 
pensate in future for risks and losses in the past, and if in the 
future the earnings should become sufficient to cover this past 
risk and more, then, the rate should be reduced, but not until 
then; further, if in the future the early risks disappear, then,' 
the property becomes more desirable and the returns can be 
again reduced to an amount fitting the safe condition of the 
investment. In other words, the consumer in a public utility, 
who helps to build up the business, should now benefit in the 
building. 

Under the broad division “risk” should be included the 
items of superseding and replacing of parts of a plant as 
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well as replacing of portions of the original investment. There 
is a tendency in the public mind to reason that the proper 
basis upon which to fix rates is the cost of the plant new 
at the time of the fixing of the rates. This is manifestly 
unfair to the owners, unless an allowance has been made 
to cover the difference between the original investment and 
the present estimated new investment. It seems to the writer 
that this allowance should be made in order finally to give the 
consumer a rate based on the present cost new, otherwise the 
public utility commission or other regulating body is almost 
continually required to meet the contention that a new plant 
can furnish service for a less rate than that fixed by the regu¬ 
lating body. 

Summing .up, a public utility must have its investment 
conserved, otherwise capital is not available for constructing 
same nor for extending it; any regulation increasing the risk 
or decreasing the amount of the original investment such as 
by some method of estimate new strikes at a vital part and is 
liable to do the public utility harm and finally do harm to 
the general consuming public" 

F. J. Rankin (by letter): In arriving at the total number 
of days between the average receipt of service and the payment 
therefor, it does not seem to me proper to include the average 
days use of total consumption during the month. In ordinary 
business transactions, payment within thirty days is con¬ 
sidered cash, and this rule should apply to the operating company 
and consumer alike. It is no more right to assume that the 
consumer’s service should be paid for daily and therefore that 
he should pay interest on his average days use of consumption 
per month, than it is to assume that the operating expenses 
should be paid daily, or otherwise draw interest until paid. 
The average days between the reading of the meter and getting 
the bills into the hands of the consumer, and the average days 
elapsed between the delivery of the bill and payment therefor, 
seem to be proper items to include in arriving at an allowance 
for working capital. The time due to these two causes, how¬ 
ever, should be made as short as possible. This- could be 
accomplished by. proper rules and regulations established 
either by the utility or the commission having jurisdiction. 
In the illustration given by Mr. Norton., it appears that “dis¬ 
count day” comes fifteen days after bills are rendered, and 
that the penalty for not paying promptly is very slight, as in 
this case only seventy per cent of the bills were paid in time to 
take advantage of the usual discount. It would be to the 
advantage of consumer and company alike to make the time 
between the reading of meters and payment as short as possible. 
The delay from weekly bills is usually such a small item that 
it is hardly worth considering, and it seems questionable whether 
or not anything should be allowed on this account, since three- 
fourths, and probably all, of the consumption during the month 
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is paid for before the company is required to meet its obliga¬ 
tions for the service rendered during the month. 

Neither does it seem correct to add the amount due from 
open accounts to working capital. If bills are not paid when 
due, they should bear interest until paid. This would place 
the penalty where it belongs, rather than on the consumer who 
pays his bills promptly. 

It seems that the proper allowance for working capital should 
include the delay from monthly bills, from the time meters are 
read until payment is received; merchandise supplies; fuel 
reserve; and a liberal minimum cash balance. 

T. J. Ryan: Mr. Cory has presented general definitions 
of the various purposes for which valuations have been made, 
and has outlined the principles upon which each should be based 
and the factors which should be considered in reaching the 
conclusions desired. Mr. Vincent has analyzed the organiza¬ 
tion required and the method of procedure involved in making 
an inventory and appraisal of a utility’s property, with a dis¬ 
cussion of the records required to maintain it. 

It is a matter of regret that these gentlemen have confined 
their papers to the generic phases of the subject, and have 
withheld from us the results of their broad experience and 
keen judgment in handling some of the specific problems they 
have met in recent practise, as, notably in the valuation of 
public utilities the proper application of an undisputed principle 
is not always clear. This may be illustrated by reference to 
a recent condemnation suit in which four valuations were pre¬ 
sented, with a ratio of 4, 6, 7, and 9, between the values given 
in the several reports, yet each of the engineers employed will, 
without doubt, maintain most sturdily that he had complied 
with all the essential principles laid down in the papers we are 
privileged to discuss. 

The points of issue between the reports of engineers that 
perplex commissions and courts, and which have sometimes 
resulted in decisions that are the despair of investors, rarely 
arise from the inventories presented, as it is usually possible 
to reach a satisfactory agreement even between conflicting 
interests as to the nature and extent of a property under con¬ 
sideration. 

Let us for a moment consider a few extreme instances in which 
the actual facts are somewhat distorted to make the problem 
clear, where the effect of the theories suggested may be compared. 

First: A certain hydroelectric power plant was installed 

about twelve years ago. The water wheels and generators, 
while still operating as efficiently as ever, are of types that are 
no longer manufactured, making an estimate of reproduction 
cost or cost to reproduce new, dependent on assumptions that 
may not be readily admitted. At the time of the installation 
it was necessary to build a wagon road 32 miles, mostly through 
rough mountain topography, to a rail point, and haul the 
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entire equipment over it. Since then a railway has been built 
to within 500 yards of the plant site. Something over a mile 
of flume was built of lumber cut from lands adjoining the 
rights of way, a source of supply which has since been exhausted, 
and the reproduction of this structure would involve expendi¬ 
tures that would be almost, if not quite, prohibitive. 

It is easily conceivable that inventories of this plant made 
by any number of valuation organizations might be in sub¬ 
stantial accord, that their measurements of buildings, dams, 
canals and foundations would be similar and that their com¬ 
putations of materials required in their construction would not 
show essential variance, but in the application of values we 
would expect to find differences of opinion and conflicts in 
judgment that might well afford engineering skill its highest 
opportunity in devising a common basis for honest men to 
meet and work together for a fair and rational conclusion. 

Second: A power company built a line extension in which 
it utilized a quantity of fir timbers that had been assembled 
to fill a contract for piling but which a rigid interpretation of 
specifications had caused to be rejected. They made excellent 
poles and were purchased for 25 cents each. Four years later, 
when a valuation was made, the sources from which these fir 
poles had been obtained were exhausted and the nearest avail¬ 
able supply was so remote as to make the cost of securing them 
exceed that of cedar poles of the same length. Considerable 
decay had occurred at the time of the valuation and about 
15 per cent of the poles had been stubbed. In applying the 
theories of value suggested, we have for comparison: 


1. Investment. 0.25 per pole 

2. Original cost. 0.25 “ “ 

3. Cost to reproduce new. 6.00 “ “ 

4. Reproduction cost. 4.50 “ “ 

5. Present value- (4/10 of life elapsed). 3.60 “ “ 


6. Service value, as measured by cedar pole. 5.30 “ a 
Third: A lumber company built a flume as a means of trans¬ 
porting timber from a mountain forest to markets. After its 
completion, the company failed to secure sufficient lumber to 
enable, it to go ahead, and the enterprise was changed to an 
irrigation project. For fifteen years it struggled against ad¬ 
versity and after repeated and persistent efforts was sold for 
$150,000 cash to new owners. Three years later a municipality 
endeavored to acquire it as an additional source of water supply, 
and instituted condemnation proceedings. Numerous valua¬ 
tions were filed, from which the following may be quoted: 


1. Investment. $960,000 

2. Original cost. 1,250,000 

3. Cost to reproduce new.. 718,000 

4. Reproduction cost ..No estimate 

5. Present depreciated value. 235,000 

6. Service value (as measured by actual sale) 150*000 


Fourth: A utility operates a generating plant on a site 
fronting a navigable stream, which, through, the development 
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of adjacent property and water traffic, became far more valu¬ 
able for other purposes than that for which it was acquired. 
An equally favorable site for operative purposes may be ob¬ 
tained at a lower cost only a short distance away, but its use 
would involve the removal of the plant. With these premises 


a comparison of theories involves the following: 

1. Investment. 

2. Original'cost to donors. $ 2,500 

3. Cost to reproduce new. 

4. Reproduction cost.. 90,000 

5. Present value. 90,000 

6. Service values (as measured by cost of equally 

adequate site).. 27,500. 

In the valuation of every large system and to a proportionate 
degree in every small one, there arises the necessity for fixing 
the value of structures or equipment that admittedly could 
not be reproduced within economic limits of cost, and also of 
giving fair consideration to property acquired wisely doubtless 
in the light of the time, but which changed conditions and rapidly 
advancing arts has rendered inadequate or obsolete often far 
in advance of the termination of its useful life or impairment 


of efficiency. . . 

... Such a valuation regardless of the purpose for which it is 
made, should be a measurement of the extent and availability 
of a utility’s capacity to serve. ■ It should have for its primary 
object the determination of the basis on which its owners may, 
in justice to the public, and with fairness to themselves, demand 
compensation for the service rendered All other purposes 
and all other theories of value are relatively unimportant, be¬ 
cause, when this basis is once fixed, all activities must be adjusted 
to fit it. 

The importance of ascertaining with precision the actual cost 
of labor and material involved in building a property, or that 
would be required to replace it, must not be minimized, but 
they are not a measure of its value. 

It is obvious that what in view of later developments may 
prove to have been an injudicious investment if made in good 
faith, should be afforded every opportunity to work its way 
out to stability, but it is equally clear that when this can not 
be done, there must be a readjustment to a value commensurate 
with the service the property is able to furnish. 

• On the other hand, the expenditure of money under intelligent 
direction in constructing a property designed to meet the present 
and anticipate the future needs of a community should result 
in values in excess of cost. It is difficult to believe that man¬ 
agerial ability or capital can be attracted to an industry or an 
enterprise in which the maximum return is limited by the 
actual sum invested, and where the hazard of loss is as great 
as that which has characterized public utility investments in 


recent times 

An increase of value over cost is not intangible but very real, 
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as any who have endeavored to purchase a profitable business 
can readily appreciate. 

It may be freely admitted that the process of determining 
the service. value of a utility does not readily lend itself to 
exact definition, and even that it invites the exploitation of 
vague theories and opinions based on nothing tangible, but 
on no other basis can exact justice be accorded by conflicting 
•interests, proper encouragement be given to enterprise, and an 
adequate reward be afforded those who contrive and create. 
To follow any theory of original cost, cost to reproduce, or 
reproduction cost new, rigidly to their logical end, may, and 
often does result in conclusions so absurdly high in some cases 
and so low in others as to be equallv incompetent as a measure 
of value. 

The valuation of public utility is a means to an end, never 
the end itself. In almost every case it includes within its scope 
questions in which the lawyer and accountant are vitally in¬ 
terested, and the rational consideration of the problem depends 
largely upon their intelligent advice and cooperation in collect¬ 
ing and presenting the data involved. 

,, F ; H( ? ar; 0ne thin g. seems apparent to me, and that is 
tnat there is a great confusion of the terms, cost and valuation. 
It seems entirely illogical to me that the present-day prices, 
for example, should be. added to a historical plant, or should 
be applied to a historical plant, in order to measure value. 

I feel that such an estimate is entirely illogical, and can result 
m nothing but further confusion. If present-day prices are to 
be used, I see no way in which a value can be measured, other than 
to apply those prices to a. substitute plant, or to a plant which 
would reproduce the service at this time. In reproducing the 
cos i°f a P^perty, or reproducing the property on the historical 
method, it would undoubtedly be necessary to use historical 
prices and the historical plant. I think that this would be 
perfectly obvious when we consider that it would be physically 
impossible to reproduce an existing plant that has operated 
over a considerable number of years, but in reproducing this 
plant on the historical method, we introduce the question not 

°l i rat ^ er one °f equity, one which is some measure 

of what the company should be entitled to earn for the money 
that they have invested. I think that there is no conflict in 
e opinion of most of us as to equities in the problem, and that 
a company investing its money reasonably and honestly should 
be entitled to a fair return upon that money. Of course en¬ 
gineering . estimates must presuppose honesty and ordinary 
business judgment; otherwise, we could use simply the cost 
obtained from the company’s books. Without suggesting that 
such accounts may contain items which are not reasonable or 
honest I think that, the engineer, at least, would feel more 
sure of his position if he estimated the cost to reproduce that 
property at the time and in the manner in which it was actually 





1915] DISCUSSION AT SAN FRANCISCO 2073 

produced, using the prices which obtained at that time. That, 
to my mind, would indicate what the company should earn 
on, if we assume in advance that it is entitled to earn interest 
on each dollar invested. If we assume that the company is 
entitled not to earn on the investment but rather on the present 
value of the property, then we must disregard the question of 
cost entirely, unless it be the cost to reproduce the service. 
I think, when it comes to questions of value, the basis of cal¬ 
culation is the cost to reproduce the service to either all or a 
portion of the present consumers, grounded on our estimates 
of the earning power of the corporation. 

J. B. Fisken: In providing for working capital, it is sug¬ 
gested that working capital should be provided to take care of 
doing a jobbing business. I do not think that is right. It 
seems to me that a jobbing business is non-operative, and 
that a utility engaged in a jobbing business should be allowed 
to make any profit they can, the same as othgr jobbers do. 
I have an idea that in making a valuation of any public utility, 
all non-operating property should be entirely eliminated. It 
has occurred to me several times, that the question of the value of 
the service is quite an important one. I assume a case of two 
communities served with the same quality of service. Take 
the case of an electric power service. One community is served 
by a company buying their power at a very low figure from 
another company; this does not involve any expenditure for 
generating plant. If their charges for service are based on 
their investment, of course, the people living in that com¬ 
munity will get a very low rate. Ten miles away/ from that 
community, there may be another one which has not been 
fortunate enough to make a contract to buy power at a low 
rate, and has to invest in an expensive generating plant; that 
community may have to pay twice as much as the other one, 
and yet the value of the service is the same. Now, it has also 
occurred to me, as to what constitutes confiscation. In the 
West, I believe, it is generally acknowledged that an 8 per cent 
return on an investment is reasonable. Now, if a regulatory 
commission should reduce the valuation of a utility’s invest¬ 
ment so that their return is cut to 4 per cent on the actual 
investment, it seems to me that it has confiscated half of their 
capital, and in making a valuation of a property I think it 
would be very much fairer to make a sufficient inventory and in¬ 
vestigation to establish whether or not the utility has watered its 
stock. If the utility stock is not watered, if they have been 
careful in making their investments, I can not see where there 
is anything to be gained by making a detailed inventory. All 
that a commission should find it necessary to do would be to 
make sufficient inquiry to satisfy itself that the investment 
has been carefully made. 

John H. Finney: I would like to inquire what 8 per cent 
return means, as applied to a public utility. If it means net 
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return to capital invested and is fixed as a maximum which 
capital is to be permitted to earn, there is not going - to be, 
in my opinion, a great deal of either hydroelectric develop¬ 
ment or public utility development in the near future. If you 
pay 6 per cent for money, 8 per cent is not going to give the 
concern operating and building up the enterprise a profitable 
or adequate return. 

A proposition cannot be financed where such an unfair and 
inadequate limitation is imposed, and if it is an existing con¬ 
cern and such limitations are imposed, it cannot hope to, live 
and thrive for long. 

David B. Rushmore: The interest attending the regulation 
of economic activities is not confined exclusively to those as¬ 
sociated with public utility and railway enterprises. The signs 
of the times all indicate that manufacturing companies and, 
later, mercantile and other enterprises, will all receive state or 
federal regulation. 

Without question, the production, transportation and dis¬ 
tribution of commodities will come under the same govern¬ 
mental restrictions as are now attending the same features in 
connection with electric energy or transportation. 

The important feature to be borne in mind in connection 
with regulation is the definite object to be attained, and this 
should necessitate the clear enunciation of certain fundamental 
principles. It would seem that up to date these have not 
been distinctly stated. 

It is important that we should know the fundamental prin¬ 
ciples underlying regulation or rate making. Will it be possible 
to decide all of the important questions involved unless some 
agreement is previously had on such fundamentals? 

The items which make up the cost of product are so involved 
and so difficult of determination, that people not familiar with 
these subjects at first-hand are met with very great difficulties 
in their attempts to treat the subject intelligently. We must 
assume a desire on the part of all individuals to do what is right. 
The difficulty is, of course, to determine what that is. 

Working capital may be considered somewhat in the nature 
of the auxiliary reservoir at the top of the high-head pipe lines 
of hydroelectric plants. Due to the fact that any additions 
in the future are necessarily subject to some uncertainties, no 
one would wish to run a hydroelectric plant or a commercial 
enterprise with too great or exact a limitation put on the work¬ 
ing capital or the reservoir capacity on which he can draw 
to meet unexpected requirements. 

L. B. Ready: The question of investment often bothered me 
to know just what we should include. Should we include 
interest during construction as reproduction value, or the 
amount which the company has charged to interest during 
construction, where the company has charged a lot of money 
to operating expenses which might be charged as capital? 
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Mr. Cory has not defined what should be capital, and I think 
it would help us greatly if we knew exactly what should be 
included in capital, in the question of investment, which should 
be included in capital under the question of reproduction cost, 
or original cost; and I would also like to ask what he means by 
the consideration of discount of bonds. It seems to me that 
the discount of the bonds and the payment of commission on 
stock is more a question of money to the utility, and should 
be considered in the rate of return allowed, rather than upon 
the investment, because a company may sell 5 per cent bonds 
for 80 per cent, or sell 6 per cent bonds for a hundred, and 
it is more a question of return rather than investment. And, 
under the investment, does he consider it—whether the pre¬ 
liminary losses during the development of the business should 
be considered as part of the investment, or as under the question 
of losses; for example, on the reproduction method—reproduction 
new. It would seem logical to consider the reproduction of 
the business, because that is a part of the going property; on 
the investment basis it would seem also logical to either con¬ 
sider that, or to consider it in the question of the rate of return. 
It necessarily follows that the investment or the reproduction 
value, reproduction new, is not a measure of the value, because 
property, in any sort of investment might not have a value 
commensurate with it. The company may have a value of a 
million dollars, and can not earn a return on a hundred thousand 
dollars, and as a result, there would not be a million dollar 
value. If 'W T e start in with the question of value first, based 
largely on the question of the returns, we are working without 
any rate, because the rate of return determined the value, and 
the value then determines the rates. There was one point in 
connection with the determination of the working capital. It 
appears to me in this paper it has been assumed that the com¬ 
pany has spent its money as the month goes by, that the average 
money is spent in the middle of the month; but how should 
we handle a company that buys power, pays its bills at the end 
of the month, pays its employees at the end of the month, and 
pays a large amount of its maintenance expense at the end of 
the month? Should we then allow it the 15 days during 
the month as a part of its working capital in determining its 
working capital, while it does not pay its bills until after the end 
of the month, and really it only has the additional days on 
which the capital is considered as working capital? Then, 
there was one question on the paper submitted by Mr. Betts, 
in which he showed a percentage of 31.35 per cent of plant 
capital, and varying percentages. As I understood it, he in¬ 
cluded a part which might be considered development cost, 
interest on construction. Am I wrong about that? 

■ C. L. Cory: Answering Mr. Ready’s question as to the 
overhead percentages as allowed by Mr. Betts on plant ma¬ 
chinery and equipment, wherein the total percentage allowed 
is 31.35, the following statement is made in the|paper: 
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“On the whole, I feel that an allowance of thirty per cent 
for the overhead charges in connection with plant machinery 
and equipment is fair/’ 

In arriving at this percentage in accordance with the detail 
as set up in the paper, nothing is included which has to do 
with the value of the business or the cost of developing the 
business. 

However, there are two instances as stated in the paper, 
marked with asterisks, to which the following note applies. 

“ Includes an allowance for development of business.” 

In these two instances the composite overhead percentage, 
including allowance for the development of the business, is, 
in one case 27.1 per cent and in the other case 31.3 per cent. 

Referring to Mr. Ready’s question as to whether an allow¬ 
ance for discount on bonds should be made in appraisal work, 
let us consider* this matter from the following standpoint. 
Suppose-Mr. Ready desires to lease a house for residence pur¬ 
poses, and proposes to enter into such a contract with me as 
the owner of the property, it being understood that the rent 
shall net me, after all other charges are allowed for, eight per 
cent per annum. Assume that it is necessary for me to borrow 
either all or a large portion of the money necessary to buy the 
real estate and to construct the house. Assume that financial 
conditions are such that in obtaining the money it is necessary 
for me to obligate myself to pay, at some definite time in the fu¬ 
ture, a thousand dollars, and at the time of making the loan 
get from the bank but eight hundred dollars. With this illus¬ 
tration I am only attempting to bring out a comparison with 
what actually happens when a public utility finds it necessary 
to issue bonds and receive from the investment bankers less 
than the face value of such bonds. It would seem clear, I 
think, that it would he necessary for Mr. Ready to pay me 8 
per cent in the shape of rent on each $1000 which it is neces¬ 
sary for me to invest or borrow, since ultimately it will be 
necessary for me to pay $1000 for each $800 in cash which is 
expended in preparing the property for his use. Under such 
conditions the thousand dollar unit must be considered as the 
cost to buy the land and build the house, or to put it in another 
way, the investment is $1000. 

Referred to the public utility in its method of financing, 
this is actually what happens when such public utility furnishes 
service to its customers. Of course very property there should 
be introduced into such an arrangement the proper query as 
to. whether the. arrangement between the bank and myself is 
fair, or to put it in another way, whether this is the best and 
most economical method available by me to obtain the money 
required. 

Again we have a direct analogy in reference to the discount 
on bonds and the interest rate on such bonds. If a borrower 
is willing to pay 10 per cent per annum he might be able to 
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obtain $1000 in cash for his $1000 note, but on the other hand 
financial conditions might be such that if the interest rate were 
reduced to say 6 per cent or possibly 5 per cent the investment 
banker* would require a payment of $1000 in the future, ah 
though but $800 was received by the person borrowing the 
money. 

If, then, the investment is to represent actually what it cost 
the public utility to provide the necessary equipment to give 
service, it is necessary to take into consideration what the 
money needed for such construction actually cost, and it is 
well to remember that money is a much more vital element 
in providing service to the public than is Ohm’s law or any 
other physical law. It makes little difference whether we have 
communication of intelligence across the continent by the use 
of the present telegraph or telephone systems with thousands 
of miles of pole lines, or whether we have the same communica¬ 
tion of intelligence by wireless. Money will be required in the 
building of such systems, and it is purely academic, and to my 
mind foolish, to limit ourselves to a definite restriction as to 
how this service is to be rendered. 

Value is very closely related to the rate of return upon the 
investment. If, for instance, one public utility in a district 
can furnish electrical energy at one-half cent per kw-hr., while 
another finds it impossible to furnish the same service for less 
than one cent per kw-hr., the value of the first utility under 
any circumstanc.es must be greater than the value of the second 
utility. Whether or not rates are regulated has nothing to do 
with this economic question. The amount of business which is 
done will depend upon the cost of the product, and the cheaper 
the commodity can be delivered to consumers the greater will 
be its use. If, for instance, in the near future means are found 
so that we can carry on conversation between San Francisco 
and New York, and the cost of such service, assuming that it 
is equally satisfactory, is one-fifth of what it costs under present 
conditions, it is useless to maintain that the value of such a 
system is not greater, independent of its cost, than those in 
use under present conditions. One matter of importance must 
be'borne in mind; it is always of the greatest advantage to 
civilization, to the people interested in public utilities, and to 
the customers of such public utilities,. that the best possible 
service be provided at the least possible cost, not for today 
only, however, but for all time. 

Therefore any unnecessary restriction prescribed by a rate¬ 
fixing body, which in the end permanently retards the develop¬ 
ment of such public utilities, is just as serious a disadvantage 
to civilization as it is to those interested in public utility de¬ 
velopment. 

No one desires cheap service. What is desired is good service 
under conditions whereby every requirement of the people will 
be met not only today, but for all time. 
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In conclusion, I wish to add a word as to the value of public 
utility properties. In the past we have adopted a lot of artificial 
methods of attempting to arrive at value, when of course ulti¬ 
mately the value is quite independent of cost, but depends very 
largely upon the net rate of return which is obtained from the 
sale of the commodity. After all, we are trying to get evidence 
in all these cases which will lead us to a conclusion as to the 
amount upon which a certain rate of return shall be allowed, 
and no considerable progress can ever be made if in any way 
value is considered as the equivalent of cost to reproduce new, 
original cost, or similar terms with which we are all familiar. 

There are cases which come before us, however, which are 
not essentially rate cases, wherein we may desire to obtain as 
nearly as possible the investment, or in other words the cost 
of reproduction today, and still others obtain as nearly as 
possible a figure representing the cost to reproduce an absolutely 
new plant physically different from an existing plant, but one 
capable of giving the same service. In all these cases, how¬ 
ever, we are simply attempting to obtain evidence which will 
lead us ultimately to an approximation of the value of the 
property. 



resented at the Panama-Pacific Convention oj 
the American Institute of Electrical Engineers, 
San Francisco, Cal., September 17,1915. 


Copyright 1915. By A. I. E. E. 


SUBMARINE CABLE RAPID TELEGRAPHY; OCEAN AND 
INTERCONTINENTAL TELEPHONY 

BY BELA GAT I 

Abstract of Paper 

The speed of the cable telegraphy is not satisfactory; the slow 
work makes the cabling very expensive. The direct-current 
impulses are lengthened on a long cable, because the long cable 
vibrates with its own natural frequency, which is very low. The 
impulses of the direct current overlap, over a certain limit. 
Alternating currents do not suffer such overlapping. The oldest 
form of the alternating-current application is the inverse current. 
Especially Picard and Gott attained good results with their 
inverse current systems. Another direction for increasing the 
speed of the cabling is worked out by the various cable-relays; 
Gulstad’s, Muirhead’s, Heurtley’s and S. G. Brown’s relays are 
discussed. The speed is not yet doubled by the aforementioned 
relays. The attempts with the high-frequency system on 
ordinary cables are discussed. The theory of the resistance 
of the cable is given, and different cables are taken into the com¬ 
putation. The cable rapid telegraphy is solved by the inductive 
shunts with little resistance. The problem is nearly the same 
also for ocean telephony; the difference is, that for common 
telephony various frequencies must be transmitted without dis¬ 
tortion. The ocean telephony with aid of high-frequency cur¬ 
rents on improved cables is already a solved possibility. 

For connecting continental circuits strong current micro¬ 
phones, more sensitive receivers, improved single-wire loaded cir¬ 
cuits and telephone relays can be applied, which remove every 
limit of ocean and transcontinental telephony. 

M R. Andrew Carnegie expressed an opinion once that men 
get to like each other, if they get to know each other. 
The best means of knowing each other is provided by the vari¬ 
ous systems of communication. The most agreeable and the 
cheapest means of communication are the telegraph and the 
telephone, both of which transmit human thought with gigantic 
rapidity and to incredible distances. It is a pity that neither 
the telegraph nor the telephone can fulfill both conditions at 
the same time. The distance of successful telegraphy has no 
limit in theory, but in practise, nobody can accuse the present 
submarine cable telegraphy of being rapid; considering the 
matter from another point of view, telephone speech does not 
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exceed the 3000-kilometer distance. The number of the com¬ 
mercial messages between New York and Denver is very limited. 
This circuit forms today the longest telephone possibility of 
the world, in commercial use.* 

I wish to enumerate the tendency and researches with refer¬ 
ence to improvements in both cable telegraphy and long¬ 
distance telephony. There is in reality no difference between 
the two kinds of communications. Both the telegraph and 
telephone employ electrical impulses which are conducted far 
out upon the electrical conductors. The number of the im¬ 
pulses only is different. We use in the human speech, sounds 
whose frequencies are as great as 20,000 per second, but are 
generally only about 1000 per second; in the telegraphy even 
the most rapid system does not endeavor to exceed the speed 
of the human speech, which is about 20 letters per second. 

Table I shows the instrument speeds of different systems per 
minute. 

TABLE i. 

INSTRUMENT SPEEDS OF DIFFERENT TELEGRAPH SYSTEMS. 

Number of signals 

Name of system. per minute 

70 
95 
160 
150 
600 
500 
1500 
2000 
5000 
120 

I According to this table the cable recorders work with two 

impulses per second; the highest speed is reached by thePolldk- 
Yirag system, 83 impulses (rounded out to 100) per second. 
This system is not used in practise. In commercial traffic, 
these speeds can not be maintained regularly. 

Reading quickly, we exceed the speed of 60 printed letters 
per. second; thus only thS yet unused Pollak-Virag system re¬ 
cords the telegraphic impulses quicker than we could read them. 

I One hour s reading matter makes for the submarine cables more 

than one day s work. Considering the limited number of the 

*Since this paper was written the New York-Denver commercial 
service has been extended to San Francisco.— Ed. 


Morse, ordinary. 

Sounder, ordinary. 

Hughes. 

Baudot... 

Murray simplex. 

Buckingham simplex.... 
Wheatstone simplex.. .. 
Siemens-Halske simplex. 

Pollak-Virag simplex_ 

Recorder. 
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submarine cables in use today, it is certain that the present 
conditions must be improved, because it is an impossibility 
that there should be no necessity for more exchange of thoughts 
between the people of two continents, America and Europe, 
which count some hundred millions of people, than what one 
person can read during 24 hours. 

To understand w T hy the Pollak-Virag speed can not be attained 
on long lines, and especially on the submarine cables of today, 
I wish to explain how an impulse is formed, what its appear¬ 
ance is at the outgoing station, how it arrives at the incoming 
station. Fig. 1 shows the telegraphic impulse at the beginning 
and at the end of an aerial bronze wire circuit 2120 kilometers 
long. 

The duration of the signal is about 0.1 second, that is, 100 
milliseconds. Hereafter in this paper the expressions, milli- 



Fig. 1—The Lengthening of Fig. 2—The Outgoing Current of 
the Direct-Current Impulses Land Line, when an Inductance 

is Inserted 


second, or 0.001 second, and microsecond, or 0.000,001 second, 
are used. 

We see that in the first millisecond the intensity of the out¬ 
going current is about twice as great as at the end of the im¬ 
pulse. The circuit forms a condenser; the charging current of 
this condenser is large, hence the greater strength is obtained. 
Using inductances before the line, we get the form of Fig. 2, 
in which the high peak is rounded out. 

Returning to the study of the Fig. 1, we see that one milli¬ 
second of time in this case was long enough for all the transient 
phenomena to be displayed. The nearer part of the circuit being 
charged, the current becomes smaller and after about the 20th 
or 30th millisecond it reaches a steady value. 

Looking at the form of the arriving impulse (upper oscillo¬ 
gram), we see that the starting points do not coincide for the 
two curves. The electricity needs time to traverse the 2120- 
kilometer wire. The speed is not so great as in free air oscil¬ 
lations—300,000 kilometers per second—but only about 200,- 
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000 kilometers per second, or 200 kilometers per millisecond. 
Hence we see that about 10 milliseconds of time was necessary 
for the arrival of the signals (in the oscillogram the distance 
E C corresponds to this time). The strength of the arriving 
current has also changed; from C, during 30 to 40 milliseconds 
of time, the curve begins to be steady till it reaches point D; 
this latter point corresponds to the termination of the out¬ 
going current. Prom this point the discharge of the electric 
current commences with its own natural frequency, which has 
nothing to do with the superimposed frequency of the trans¬ 
mitted impulses. If the distance between the transmitted im¬ 
pulses is less than the time of discharge of the received cur¬ 
rents, the signals overlap; Fig. 3 shows this case schematically. 

If the outgoing impulses are short and too near to each other, 
the overlapping is such that the signals are not readable. 

Up to this point we had to do only with unidirectional direct- 



Fig. 3—The Overlapping of the Outgoing Direct-Current Impulses 


current impulses. Using alternating current, the second half¬ 
wave counteracts the charge of the first half-wave; the cable 
can not keep a constant charge, and can not be discharged at 
its own natural frequency, which is very low on long cables. 
Fig. 4 shows the result when alternating current of 500 cycles 
per second was used. The distance A B is the same as CD; 
EC is the time necessary for the propagation of the electricity. 
We have no lengthening of the signals. 

Of course, the frequency must not be too low, because at the 
first half-wave of the alternating current and at the last half¬ 
wave, there might be some lengthening effect. For example, 
it can happen that the breaking of the current occurs in the mic¬ 
rosecond in which the current has its maximum value; in this 
case the compensation of the preceding half-wave is not per¬ 
fect; the difference in the compensation manifests itself as a 
direct-current impulse discharging at its arrival with the natu¬ 
ral frequency of the cable, and so causing the lengthening. 
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But if we do not choose the frequency too low, the charging 
time being under one millisecond, the charging is not done at 
such a rate that it would become troublesome. During one 
millisecond, eventually daring 0.1 millisecond, that the transient 
phenomena take place, the charging current has not reached its 
steady value and so its effect does not become harmful. 

We use for receiving the alternating-current signals, special 
apparatus, which responds only to alternating currents, and 
therefore the lengthened direct-current part of the impulse does 
not introduce trouble at the receiver. : 

We see from Pig. 4, that the use of alternating currents has 
an indisputable advantage; the lengthening of the signals, and 
therefore the overlapping, is overcome. The arriving alternat¬ 
ing current, however, is very small and therefore this system can 
not be used on the present submarine cables. The whole resist¬ 
ance of the submarine telegraph cables of today is very large for 

EC D 
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Fig. 4—The Lengthening of the Telegraph Signals does not take 
Place with Alternating-Current Impulses 

currents of moderate frequency. We shall treat this matter 
later in more detail. 

Instead of ordinary alternating current, attempts were made 
in the first years of the cable telegraphy, w T ith inverse currents. 
With the aid of inverse currents, it is possible to fully annihilate 
the discharging current, or at least, to diminish it considerably. 
Mr. Whitehouse, the physicist of the Atlantic Telegraph Com¬ 
pany, noticed as early as in 1856 that the speed of telegraphy can 
be raised when the polarity of the successive impulses of the 
signals is changed. 

In the eighties of the past century the scheme shown in Fig. 
5 was employed. 1 The inverse current was regulated just to 
time of duration, as to its strength. For instance, for short 
cables the inverse current had only two-thirds the strength of 
the outgoing current. 

1. Traite de Telegraphie Sous-marine, E. Wunschendorf, Paris 
1888. Page 488. 
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In Fig. 5, 5 is a polarized relay, the coils of which have about 
the same resistances as the coils at the arrival end of the cable. 
The tongue A B of the relay can be regulated. 

Pressing the button of the key, the positive current divides 
itself, going across the cable and acting upon the relay S. The 
tongue of the relay comes in the V' position. After the key 
returns to its resting position, the negative current of the dis¬ 
charge battery divides itself between the cable and the relay 
S, and so annihilates the charge of the cable. The tongue of 
the relay comes in the V position—on the right side. There 
were, of course, simpler arrangements in use. 

In 1898, Mr. Pierre Picard proposed his system, which is em¬ 
ployed between Algiers and Marseilles, and even between Algiers 
and Paris. With the'aid of this system, Baudot type-printers are 



Inverse Currents in the Eighties Morse for Submarine Cable 
of the Past Century According to the Picard System 

worked over 900-kilometer cables. Fig. 6 shows the scheme. 2 

I do not want to go into details, and therefore omit the descrip¬ 
tions of the ingenious devices, with aid of which type-printer 
devices can be worked over nearly 1000 kilometers of submarine 
cables. I wish only to describe the characteristics of the system, 
which are: 

1. The outgoing impulses are equal in time and are of short 
duration. 

2. Two impulses sent one after the other, have a contrary 
polarity. 

3. After each impulse the sendin g end of the cable is isolated. 
2. Telegraphie Sous-marine. Systdme Pierre Picard. Notices descrip- 

tives sur quelques installations rdcentes du service despostes, tdldgraphes 
et tdldphone. Paris, imprimerie nationale 1910, page 81-100. 
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A and B represent relays in Fig. 6. The long and unequal 
impulses of the Morse code are transformed with help of this 
installation, a is a battery, the negative of which is connected 
to relay A and across the coil of this relay, to the resting position 
of the sending key. The battery c (positive) is arranged across 
the relay B to the working contact of the key. The axis of the 
key communicates across the condenser C with the earth. The 
tongues of the relays are connected to the cable; if no current 
exists in the relay, the tongue is in its resting position. 

The condenser C is negatively charged in the resting position 
of, the key.- Pressing the key down in its working position, the 
negative charge of the condenser is changed to positive; this 
change produces a very short current, which actuates the relay 
B and sends the outgoing current into the cable. After the 
charging current of the condenser ceases, the tongue of the relay 

comes back into its resting 

_ A IK position, and so the outgoing 

K cable current is also very 

1 4| Baudot HH short, although the time of 

Relay — ]— the pressing down of the key 

I—/nrvIJ f § § I might have a considerable 

Cab,eRe,ay _J Y duration. 

Letting the key loose, re- 

_ w ^ _ peats the cycle, but we get 

Fig. 7—The Receiver-Relay - - , . 

Scheme of the Picaed System a cable current wlth mverse 

sign. We see that the cable 

was charged with a very short duration positive current, after¬ 
wards it was isolated, after this a negative current of short 
duration was sent into the cable, then the cable is isolated again. 

Picard employed for receiving, a very sensitive dynamometer- 
relay. The connection of this with the more robust type- 
printer relay is shown in Fig. 7. 

In the nineties of the past century the inverse current question 
was discussed; Mr. W. H. Ash, the superintendent of the Eastern 
Telegraph Company at Porthcurno, gave some suggestions to 
Mr. A. Fraser; the method did not come into general use. 3 

Mr. Delany in his patent No. 21629 in 1893 described the 
inverse current system, but did not give details for the sending 
apparatus. 

Mr. P. O’Neil was granted the British patent No. 16462 in 


3. Telegraphy with inverse currents. A. Fraser. 
1913. March 7th issue, page 1018. 


The Electrician f 
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1907 for telegraphing over submarine cables in type or Roman 
characters by means of consecutive alternating impulses. 

Mr. John Gott, consulting electrician of the Commercial 
Cable Company, made experiments with his inverse current sys- 
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SECONDS 

Pig. 8—Form on Arrival of Letters “5 0", Siphon Recorder Code; 
Length of Element 0.08 Second 

tern between London, and New York with satisfactory results; 
the reports appeared in the daily press in the first month of 
1913. According to the Electrician , February 21, 1913, issue, 
page 923, “ Each unit of a letter is formed by an inverse current 





so that during the transmission two currents of the same polarity 
never follow one another. At the receiving end the signals are 
retransformed into ordinary Morse/ * Gott uses a polarized 
relay and the change of the polarity is obtained automatically. 
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Gott^employs the ordinary transmitting key, but instead of 
the ordinary transmitting key the Wheatstone transmitter can 
be used also. “ In order to transform back again from the 
Morse alphabet with inverse currents to the ordinary Morse, 
the two contacts of the receiving relay are connected together 
electrically, so that a change of polarity makes no difference, and 
the signals are transmitted as if they were made continually 
upon one contact.” 

To compare the methods of cabling, the Figs. 8, 9,10 and 11' 
show the form of the arrived currents in the letters “ so ”, drawn 
by H. W. Malcolm according to his theory. 4 



SECONDS 

Fig. 10 —Form on Arrival of Letters “S 0,” using Gott Method. 
Length of Element 0.08 Second. Curve A as Shown on Siphon 
Recorder. Curve B as Shown on Morse Inker. 

Malcolm computed the arrival form for the San-Francisco- 
Honolulu cable with the following data: 

The capacity of the condenser at the sending and at the 
receiving ends, each 87.46 microfarads. 

L, the length of the cable, 2276 nautical miles, 3663 kilo¬ 
meters. 

The whole ohmic resistance L r = 4975 ohms, the whole 
capacity L c = 874.6 microfarads. 
o r Z/ 2 = 4.352 seconds. 

4. The methods of submarine cable signalling, H. W. Malcolm. 
The Electrician , 1913, issues April 11 and 18, pages 16-18 and 52-54. 
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Considering the curves, it is evident that the Gott method 
is superior to ordinary Morse and to siphon recorder code for 
the non-cross (cumulative) letters. 

Malcolm computed with cross-letters the arrived current- 
forms also and he concluded that in the case of the cross letters 
Gott’s method offers no advantage over, or is even inferior to, 
the siphon recorder code, and inasmuch as a dash is of greater 
duration than a dot, Gott’s method is necessarily slower than 
siphon recorder code, when read by an instrument of variable 
zero, whether relay or recorder. 

According to this opinion it is certain that Gott’s method 



Fig. 11—Form on Arrival of Letters “5 0”, Using Modified 
Picard. Length of Element 0.02 Second. Curve A as Shown on 
Siphon Recorder. Curve B as Shown on Morse Inker 


does not reach a much greater speed than hitherto; his ad¬ 
vantage, beside the simplicity of Morse inkers, is that the land 
lines could be connected with submarine cables and so a saving 
in operators is possible. Rapid cable telegraphy, however, 
with the help of this method, is not obtainable. 

From Fig. 8 we see that at the siphon-recorder the first dot 
and the first dash are washed away. With the aid of a suitable 
relay it would be possible to reestablish the original shape of 
the curve. 

Investigators and inventors have done a great deal of re¬ 
search work in this direction. The researches require a very 
complicated and minute study; we describe only those relays 
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which have been proved in practise. It is quite certain that 
many new forms have not yet had an opportunity to work 
on real cables. 

I have spoken before about Picard’s relay; Picard’s inverse- 

current system and the Picard relay 
made it possible to keep in con¬ 
stant work the Baudot type-prin¬ 
ters in the longest submarine cable 
practise. It is the aim of future 
progress to have multiplex type- 
printers work on the Atlantic and 
Southern Pacific cables. 

The relays in use today do not 
yet permit this progress, but they 
make the shape of the received 
current better, and so raise the 
speed by 20 per cent. 

One of the oldest relays is Mr. 
K. Gulstad’s vibrating relay. The 
Great Northern Telegraph Com¬ 
pany, of which Mr. K. Gulstad was 
engineer-in-chief, has teen using it more than 20 years; in 
recent years it has been used by other telegraph companies 
to a small extent. 

The relay may be best used on all land lines and on sub¬ 
marine cables up to cr = 0.5 to 0.75 second. 

AVWAA/UWWWWia/ViruVWVAnjVXAnAAAAAAMMAAAaftA/' 

g vAj wuWUWlA r~ "" .. * " VWIAA/WWUWU* 

C/UlAAAA/VUVV l A /l/VftAA/XUVUW 

Vi b rating Re! ay 
□ - AHA^lJinAA~Ari-rVirV~l OAA/l" * AA/l/l 

Fig. 13—Signals Registered on the Local Records of the Gul¬ 
stad Vibrating Relay. A: Vibrations Free; B: Vibrations 
Checked by Dashes; C: Vibrations Checked by Space Current; 
D: Signals 

Fig. 12 is the diagram of the Gulstad vibrating relay, Fig. 
13 shows some curves to explain the action of the relay. 

Gulstad’s relay is more sensitive than any polarized relay 
and besides has an increased stability against outside disturbance. 

The battery keeps the tongue in constant vibration; the 



Fig. 12—Gulstad’s Vibrating 
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speed of this vibration can be adjusted bj^ the values of the 
capacity and resistance. It must be made about equal to the 
pre-arranged speed of dot signals from the cable to which the 
relay is applied. The cable current controls only the vibra¬ 
tions. For instance, the heavier cable currents (dash or space 
signals) in the main winding of the electromagnet overpower 
the local vibrations and hold the tongue at one or the other 
stop, according to its polarity, till the received dash or space 
current falls below the strength of that of the local vibratory 
current. When the local vibratory current is stronger than 
the received current, the tongue continues its own vibrations 
as previously. 

When “ dots ” are received from the cable, their current 
amplitude is so small that only a very * slight control, and in 
some cases practically none at all, is exerted over the tongue. 
In working through a moderately long cable the dots have at 
the end no appreciable influence, but the relay still produces 
the dots perfectly. 

With the Gulstad relay the cable current is relieved of the 
work of moving the armature and of overcoming the magnetic 
inertia, hence its greater sensitiveness. 5 

We need for Atlantic cables a more sensitive relay, which 
is suitable for cables with cr — 2 or 3 seconds. Muirhead 
exhibited at the English Festival of Empire Celebration (1911) 
a relay, with aid of which the time of transmission from New 
York to Buenos Aires can be reduced from 20 to 3 minutes. 
This is owing to the fact that the number of re-transmissions 
by hand is reduced from six to one. 

The Muirhead relay consists essentially of a siphon recorder, 
the moving vane of which causes a gold wire to oscillate back¬ 
wards and forwards between two silver pegs, with which it 
comes in contact. A movement to one side signals dash and a 
movement to the other dot. The contacts being made from 
gold and silver are not oxidizable, and give a better contact 
effect than other metals. Muirhead modified the sending and 
receiving circuit; a description of this would involve too much 
detail. 6 

A successful cable relay was constructed by Mr. E. S. Heurt- 

5. The Gulstad vibrating relay. W. Judd. The Journal of the 
Institution of Electrical Engineers , 1914, issue March 16th, pages 404- 
405. 

6. Muirhead’s Telegraph Relay. The Electrician^ 1911, issue October 
13, pages 3-4. 
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ley. Heurtley J s relay was adopted by the Pacific Cable Board 
to magnify the signals on Fanning Island, especially those 
coming from Vancouver Island. These signals, owing to the 
great distances, are necessarily feeble, and the magnification 
of them by means of the Heurtley magnifier not only tends to 
accuracy of transmission, but sensibly increases the speed at 
which messages can be sent, by as much as 25 per cent. 

Heurtley J s instrument resembles an ordinary siphon-re¬ 
corder, but without the writing appliance and the paper band 
drivef motor. The movements of the siphon -recorder oil do 
.not act upon the .writing siphon, but upon a very light lever of 
glass, over which a bronze wire is stretched. The glass tube 
serves only for the stability of the bronze wire. Two very 
fine platinum wires are fixed at the end of the glass tube. In 
the normal position of the glass lever these fine wires are cooled 



Fig. 14 —The Electric Scheme of Heurtley’s Magnifier 

by an air-current, which acts over their entire length. When 
we cool both of the fine wires equally, the resistances of these 
fine wires remain equal, and in the connected Wheatstone 
bridge diagonal, no current is generated. 

Fig. 14 shows the electric connections of the magnifier local 
circuits. 

If a signal arrives in Heurtley’s siphon apparatus, the glass 
tube will move; the point A, Fig. 4, will change its place, the 
fine wires escape the air current, because the cooling air is passed 
only through a narrow slit. The resistance of the wire changes; 
we get a current in the bridge diagonal and the local recorder 
begins to work. The cooling slits are arranged so that, for the 
movement of the point A in one direction, the one wire escapes 
from the cooling effect of the air, in another direction of move¬ 
ment, the second wire is better affected. We get the signals 
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according to the movement exerted by the arriving currents. 

Heurtley’s magnifier was tried at first on the Emden-Vigo 
cable; the relay increased the speed by 40 per cent. 

. One of the most fertile inventors in the field of cable relays is 
Mr. S. G. Brown. He exhibited some relays at the Eighth 
Annual Exhibition of Apparatus of the Physical Society, held 
in December 1912. 7 

Brown’s relay tends to decrease the inertia of the ordinary 
siphon recorder. It is hard to build up the galvanometer coil 
and the siphon without a considerable Inertia effect, which re¬ 
duces the speed of the deflections. Brown separates the re¬ 
corder coil from the inking siphon and constructs both as narrow 
and with as little inertia as is possible. The movement of the 
coil is transmitted by a silk fiber to the inker-siphon. Brown 



Fig. 15—Brown’s Thermopile Cable Relay 


perfected the manner of the inking also. His siphon does not 
touch the paper even momentarily, but arrangements are pro¬ 
vided to squirt the ink in fine drops onto the paper. A vibrator 
is used for this purpose. When the instrument is adjusted to 
a natural frequency of 10.5 seconds, with a 300-ohm 300-turn 
coil, a current of 50 microamperes gives a full-size signal corres¬ 
ponding to a deflection of 0.1 inch (2.54 millimeters) on the paper. 
Trials with this instrument have shown an increase of speed of 
30 per cent on the largest Atlantic cables. 

Mr. Brown also invented another form of cable relay, which 
works with the aid of a movable thermopile. Fig. 15 shows 
the details. 

7. Some methods of magnifying feeble signalling currents. S. G. 
Brown. The Electrician , 1913, issue February 21st, pages 921-923. 
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The incoming current flows in the coil A and the deflection of 
the coil A is transmitted with the aid of the fine fiber E to F, on 
which the thermopile B is fixed. The thermopile is located 
between two flames C, C. The movements of the coil A bring 
the thermopile more or less under the heating effect of the flames; 
the thermopile generates currents, which act upon the local 
siphon-recorder. The thermopiles consist of alternate junctions 
of platinum and platinum plus 20 per cent iridium, wires of very 
fine diameter (25 micrometers) being used. Mag nif ying 27 
times is possible with this relay. Trials of this instrument on 
an Atlantic cable have shown an increase in speed of about 40 
per cent. 

A third form of Brown’s cable relay is constructed on me¬ 
chanical principles. The relay consists in principle of a rotating 
spindle around which are wound one or more turns of a flexible 
cord, the ends of this cord are connected to relays. The spindle 
is revolving in such a direction as to pull away from the magnified 
forces and towards the small forces that control the movement. 
The incoming current deflects the coil; the small force originated 
by this movement will be magnified by the rotating spindle and 
the tension on the other end of the flexible cord is increased. 
By using this rotating spindle and flexible cord arrangement, it 
is possible to work an ordinary siphon direct writer by a current 
of 10 microamperes. (The recorder requires normally about 3 
milliamperes.) 

There are other descriptions of cable relays, namely in various 
patents. I wanted to mention only those which were proved 
under ordinary traffic conditions. We see that the increase of the 
speed is not even 100 per cent. The inventors sought the solu¬ 
tion of the rapid cable telegraphy in another direction. 

It was Mr. Fr. Weinberg who proposed first, in a Germ an elec¬ 
trotechnical periodical (Electrotechnische Zeitschrift, 1909, page 
160), the use of high-frequency current for submarine telephony. 

I have shown in the same periodical, that the high-frequency 
resistance of a submarine cable of today is so large for Wein¬ 
berg’s currents, (about 10+ 80 ohms), that only infinitely small 
currents arrive at the receiving end (10- 75 am peres) The 
proposition was not practicable. 

Mr. George O. Squier 8 , on the ground of actual experiments on 

8. Multiplex Telephony and. Telegraphy by Means of Electric Waves 
Guided by Wires, George O. Squier. Transactions of the American Insti¬ 
tute of Electrical Engineers, 1911, Vol. XXX. Part II, pages 1617-1664. 
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telephone cables, believed that with electric waves (high-fre¬ 
quency currents) long-distance telephony and a more rapid cable 
telegraphy and ocean telephony will be possible. According to 
Mr. Squier the ohmic resistance of the wire plays a comparatively 
unimportant part in the transmission. In the discussion of Mr. 
Squier’s paper (page 1677-1681 in the same volume of the Trans¬ 
actions), I have shown the real effect of the ohmic resistance. 
Actual experiments on submarine cables were not made either 
by Mr. Fr. Weinberg, Mr. Squier, nor by Mr. Gustav Maior. 
The latter is a staunch advocate of the use of high-frequency 
currents for submarine and rapid telegraphy and ocean telephony 
purposes. 

To show the impossibility of the high-frequency current tele¬ 
graphy on the submarine cables of the present day, it is necessary 
to compute the actual resistances of these cables. If the at¬ 
tenuation is under 1*0, we can use Kennedy’s formulas 9 ; the 
transient phenomena, as I have, shown in Fig. 4, are not at all 
dominant. When the cable is long and the attenuation is over 
10, the transient phenomena begin to predominate, but in this 
case the arriving currents, according to Kennedy’s theory, are 
so small that telegraphy or telephony is impossible. 

The incoming current at the end of the cable is 

iarr = -f- W 

E is the electromotive force at the sending end of the cable. 

Zi = Z 0 sinh (L fi) + Zr cosh (L /3); (2) 

L is the length of the cable, Zr is the impedance of the receiver 
apparatus, Z 0 is the sending end impedance (wave-impedance). 


_ \/r + j lw 

g+jcw 

(3) 

V(r + j lw) (g+ j c w) 

(4) 


where r is the effective resistance in ohms. 

I is the effective inductance in henrys. 
g is the reciprocal value of the insulation in 1 /ohms, 
c the effective capacity in farads, 
w = 2 7r X frequency, j = V — 1. 

9. The alternating-current theory of transmission .speed over sub¬ 
marine cables, A. E. Kennedy. Transactions of the International Elec¬ 
trical Congress of St. Louis, 1904, Volume I. 
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For simplicity, we suppose Zr = 0; this makes the computa¬ 
tions easier. The hyperbolic sine and cosine functions being, 
over a certain value, nearly equal, 

Zi = (Zo + Zr) sinh (L j8) ( 5 ) 

can also be written. 

Neglecting the value of Zr merely makes a certain percent¬ 
age correction necessary in each case; the value of Zr is 
not important in the comparison of the cables themselves. 

The data of an old type ocean cable are: 
r = 0.9 ohm 

c = 0.23 X10~ 6 farad (0.23 microfarad) 
l = 10- 4 henry 
g = 10 -6 1/ohm 
Computing for w = 5000, we get 
Zq = 25.79 -j 15.16 
jS = (17.47 + j 29.66) 10" 3 
and the total resistance is shown in Table II. 

TABLE II. 

The total resistance of an old type ocean cable at various lengths. 


The length of the cable 
in kilometers 
500 
640 
1000 
1500 
2000 
3000 
4000 


The total resistance of the 
cable in ohms. 

93.000 

1,000,000 = 1 X 10+ 6 
578X10 + 6 
3.61X10+1 2 
0.022 X10+ 18 
0.86X10+ 24 
33X10+ 30 


Applying at the sending end 100 volts and using recorders, which 
still work at 0.1 milliampere received current, the resistance at 
which this current comes in will still be 1,000,000 ohms. As 
we see, we can use this cable without improving it for merely 640 
kilometers distance; at this distance the value of 1,000,000 ohms 
is reached for the speed w = 5000. The increase of the re- 

£ + £ L —q - 0 L 

sistance is very rapid; instead of sinh (p L) = - 2 - 

we can use only | e + f3 L , er ? L being negligibly small. The 
curve is pure logarithmical, appearing as a straight line drawn on 
semi-logarithmic paper. (Fig. 16). 

The old type cable does not permit the passage of any high- 
frequency currents at all. The fact is to be remembered, that 
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g = IQ- 6 is hardly obtainable for currents which have only tele¬ 
phone frequency, w — 5000 to 16,000; for frequencies used by 
Messrs. Weinberg, Squier and Maior, w = 2 7r 100,000 or higher, 
the total resistance will be very much higher. 



Pig. ■ 16—Curves of the Total Resistance and Length of Dif¬ 
ferent Cables; Namely, Old Type Cable, Modern Krarup Cable, 
Improved Cable with Inductive Shunts 

Choosing another modern cable, which is wound with iron 
spirally (Krarupized), we get the following data: 
r = 1.2 ohms 
l = 3.6X10 -3 henrys 
g = 4.37 X10~ 6 mhos 
c = 0.3 X10” 6 farads 
w = 10,000, and so 
Z 0 = 331 -j 4.819 
j3 - (5.712 +j 328.4) 10- 3 
Table III shows the total resistances. 

TABLE III. 

The total resistance of a modern Krarupized ocean cable at various lengths. 

The length of the cable The total resistance of the 


in kilometers 

cable in ohms. 

1000 

50,100 

1500 

876,000 

1525 

1,000,000 

2000 

15,160,000 

1 3000 

4,500,000,000 

4000 

1.37 X 10+w 
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For 1,000,000 ohms we find the length of 1525 kilometers, 
which is not sufficient for rapid telegraphy on ocean cables. We 
must investigate how the attenuation can be decreased. 

Fig. 17 shows a cable element, which is designed for use in 
telephony. For telegraphing, the two r/2 and 1/2 values may be 
replaced by r and l . 

The electrical coefficients which are connected in series, 
appear in the formula of f3 with direct values (r and l) ; the line 
coefficients, which are connected in shunt in the cables appear in 
the formula of with inverse values. The insulation is a; its 

inverse value is g — ; that is, for one megohm insulation, 

we write in the formula g — lO -6 mho. The capacity-resistance 
* 1 . . 

1S jwc y mverse value in the formula will be j w c. 



Fig. 17—The Scheme of a Nor- Fig. 18—The Scheme of a Cable 
mal Cable Element with Inductive Shunt 


When we use an inductive shunt, the scheme of the cable 
element will change, as Fig. 18 shows. 

In formula (4) we must substitute for g -f- j w c 


g+jwc+ 


R +7 w L 


where 22'is the effective resistance of the shunted coil and L 
is its inductivity. Let us eliminate the imaginary quantity in 
the denominator, and we get 10 for (3 


> " V(r+ ^*> [( 8 + FraxO ] 

i _——_T 

10. L’am&oriation des communications tdl^phoniques sous-marines 
au moyen des derivations inductives, Bela Gati. La Lumiere Electri- 
que, 1913, juillet 26. 
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It is possible to choose all the coefficients in such a manner 
that j 8 may be a minimum. In this case the value of /3 depends 
only upon r and g , being 

1 3 minimum = Vr g ( 8 ) 

For instance, choosing 
R = 0.0189 ohm 
L = 0.04348 henry, 

We get for an old type cable 
r = 0.9 ohm 
g = 10~ 6 mho 
c = 0.23 X 10 ~ 6 farad 
l = 10- 4 henry 
jS = 0.001 

Computing with these values gives the results shown in Table IV. 


TABLE IV. 

Total resistance of an old type cable with modern inductive shunts. 


Length of cable 

Total resistance of cable 

in kilometers 

in ohms. 

4,000 

24,680 

5,000 

67,800 

6,000 

182,400 

7,000 

493,000 

7,700 

1,000,000 

8,000 

1,340,000 

9,000 

3,670,000 

10,000 

9,961,000 

15,000 

1,487,800,000 


We reach the limit of 1,000,000 ohms at 7700 kilometers of 
cable; that is, the question is settled for Atlantic ocean cables. 

Using a high voltage and some sensitive relay, we may deem 
the question solved for the Pacific ocean also. 

Of course it is another question how these coils could be ap¬ 
plied on cables already laid. The expectations from Pupin coils 
were abandoned; I shall explain the reason very briefly. We 
need for Pupinization of a submarine cable, coils with an induc¬ 
tivity of 0.2 henry per kilometer. It is impossible to apply Pupin 
coils every 2 to 4 kilometers; it would be very expensive. Using 
them at each 100 kilometer distance, one coil ought to have less 
than 18 ohms resistance and a self-induction of 20 henrys. 
This coil, if not in itself an impossibility, would have such dimen¬ 
sions as not to be applicable in submarine cables. 
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Using inductive shunted coils, as computed before with 
R = 18.9 X 10- 3 ohm 
L = 43.48 X 1CH henry, 

the coil in each 100 kilometers must have only one hundredth 
part of this value (the coils being connected in parallel), and 
so the actual coil has the dimensions at each 100 kilometers 
R = 0.189 X 10” 3 ohm 
L = 0.4348 X 1CH henry 


10 Milliamperes 

A/^AJ^[TiAAT~bAA 

0.1 Milliamperes 

—---^-'WAV-ViA'UWlWA'YV'-VAV^ - 

1500- 1' 1600 £ 

Fig. 20—The Transformation of Alternating-Current Signals 
(0.1 milliampere) to Direct-Current Impulses, (10 milliamperes) 
600 L -* per Minute 

In reality the shunted coil will have 100 X 100 = 10,000 
times less inductivity than Pupin coils, applying them at each 
100 kilometers. Pupin coils shorten the wave length; shunted 
coils lengthen the wave-length of the alternating current, but 
the explanation of this would need a more detailed mathemati¬ 
cal solution. 

We have seen from Fig. 16 that old type telegraph cable 


10 Milliamperes 



0.1 Milliamperes 

-- 

1500- 1' 1600Z 

Fig. 21—The Transformation of Alternating-Current Signals 
(0.1 milliampere) to Direct-Current Impulses, (10 milliamperes) 
1600 L — . . per Minute 

fitted with inductive shunts could be used for transmitting 
alternating-current impulses. Our type-printers and all wri¬ 
ting apparatus work with direct current; it is necessary to trans¬ 
form the arriving alternating-current signals to direct-current 
impulses. Fig. 19 shows how the Brown telephone relay 
could be transformed for these purposes. Figs. 20 and 21 
show what can be done with alternating-current signals. 

The Baudot, Murray, Morkrum and Siemens-Halske printers 
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work with direct-current impulses, and with aid of the described 
relay they can be used for alternating-current- rapid telegraphy 
also. With this the question of rapid cable telegraphy is set¬ 
tled; of course, the construction of the shunted coils and their 
application in the already laid cables needs yet further inves¬ 
tigations and practical researches. I do not speak of the 
multiplex cable telegraphy; this is solved for alternating-cur¬ 
rent telegraphy also, namely, the Mercadies-Magunna system, 
which was tested for land lines only. 

The high-frequency current cable telegraphy with aid of 
inductive shunts has so many features in common with the 
ocean telephony, that we can treat at once the question of the 
ocean telephony too. There are two distinct features, which 
differ in the ocean telephony from the rapid cable telegraphy. 
In the cable telegraphy we need a minimum attenuation only 
for one separate frequency; in telephony we need the minimum 
for all frequencies of the human speech, at least between 100 
and 1000, ultimately up to 2000. The voltage of the out¬ 
going telephone current in commercial discourses is about 
1 volt; the incoming current at the distant end is 0.1 milli- 
ampere; sometimes only 0.05 milliampere (100 to 50 micro¬ 
amperes). Hence the total resistance of the cable at ordinary 
microphones and telephone-receivers can not be higher than 
10,000 to 20,000 ohms. We had as the limit in the rapid cable 
telegraphy 1,000,000 ohms. 

We see from Tables II, III and IV, and from Fig. 16, that old 
type cables can not be used for telephony even to 500-kilo¬ 
meter distances; the continuously loaded cable would be good 
for 600 to 700 kilometers (continue the straight line down¬ 
wards in Fig. 16). Only the shunted coil cable is suitable 
for ocean telephony, its resistance being only 24,680 ohms at 
4000 kilometers. The length of the South American and African 
connecting cable is less than 4000 kilometers and so on these 
cables ocean telephony is already possible; naturally only with 
the aid of the one frequency system. 

Professor Silvanus P. Thompson, 22 years ago, delivered at 
the Chicago Worlds’ Fair his lecture, stating the possibility 
of the ocean telephony with the aid of shunted coils. He 
failed m the dimensions of his coils, believing the coils must 

possess a large resistance, so as not to cause considerable leak- 
ance. 

The shunted-coil cables keep their minimal resistance for 
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Fig. 19—The Brown Telephone Relay 
Used as Transformer of Alternating- 
Current Signals to Direct-Current 
Impulses 


Fig. 24—S. G. Brown Tel¬ 
ephone Relay 


Strong Current Microphone 


Ordinary Microphone 


[gati] 

Fig. 22—The Outgoing and Received Telephone Current at 


Various Distances, Using a Strong Current Microphone and an 


Ordinary Microphone 
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one frequency only, although there are now in preparation 
coils which work equally for all telephone frequencies; the at¬ 
tenuation of the cable remaining about the same for the diverse 
frequencies of the human speech. 

Employing the high-frequency telephony system of George 
0. Squier on the South American and African cables, we are 
in need to increase the distance of commercial speech for aerial 
lines and for other cables too. This can be done by various 
means, which are briefly enumerated in the following: 

1. We employ a higher voltage for the outgoing current; 
and the use of strong-current microphones. 

2. We use more sensitive telephone receivers, which transmit 
the human speech more distinctly than before. The arriving 
current can be less, and so the whole resistance of the line 
greater, and the speaking distance can be increased. 

3. We lessen the whole resistance of the line, for instance, 
using one-wire telephony for long distances, or Krarup Pupin 
methods, inductive shunted coils. 

4. We employ telephone relays, for strengthening the re¬ 
ceived currents. 

Strong Current Microphones 

By using a higher voltage in the ordinary microphones, the 
speech causes greater variations in the current strength of the 
microphone circuit; our outgoing telephone current will have 
30 to 40 volts tension instead of one volt as with the ordinary 
microphone. In such a manner the expression oiZo sinh (L/3) 
can be increased, and still we get the received current strong 
enough for commercial purposes. 

Fig. 22 illustrates the effect of the strong current micro¬ 
phone compared with an ordinary microphone at various dis¬ 
tances. Table V gives the results. 

The microphone tested was constructed by the author; it 
had a water-cooling device. The strong current microphone 
could not come in general use; only in Sweden are the Egner- 
Holmstrom microphones commonly used. They can be used 
only in those countries where the insulation of the long-dis¬ 
tance lines is well maintained, and the public is more accustomed 
to the separation of the speaking from the listening position. 

- Because the tension of the outgoing current is greater, the 
insulation of the line is decreased. Using 10 times greater 
voltage, the insulation is decreased about 50 per cent. In the 
formula of the minimum attenuation, /3 = Vgr. 
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g is increased by this and so /3 is increased also. We have 
with strong current microphones on poorly insulated lines a 
worse effect than with an ordinary microphone. 

The outgoing current is strong; we cannot keep the receiver 
to the ear for the outgoing current. We must change the 
speaking and listening positions. This is not possible in every 
country, because the change requires a specially intelligent sub¬ 
scriber. The method is used in the Scandinavian countries, 
where the Egner-Holmstrom microphones attained a better 
result. 


TABLE V. 




Strong current 

The re- 
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I. 
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2. 
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8.48 
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127.2 
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0 
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24 u tf rt 

6. 

2514 

21,875 

50 

0.23 

4375 

0 

w 

o 

withp 
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Sensitive Telephone Receivers 

We have seen from formula (2), that the effective resistance 
of the receiver also plays a role, especially for long distances. 
In this respect very little has been done. Using one receiver 
(American method) instead of the two (European custom), we 
can gain sometimes 500 kilometers distance in long-distance 
speech. 

The sensitiveness of the receiver can be raised considerably, 
but nothing has been done in this direction. The researches 
need a well equipped laboratory and long live lines. The 
question could be settled only by organized research of an in¬ 
ternational institution. 

Improvement of the Line 

The best results in telephone transmission have been ob¬ 
tained in the past decade by loading. We employ the con¬ 
tinuously loaded lines (Krarup system) and the loading with 
inductive coils at given distances (Pupin system). The 
shunted coils are not yet used on continental lines or cables. 
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The Krarupization seems to be better on very short cables 
and on very long ones, because it is difficult to distribute the 
Pupin coils on short distances. 

The formula r: l = g: c gives the minimal attentuation of 
/3 (/?= vVg). We use for long-distance telephony such lines 
in which r is already a small quantity; we do not need a strong 
increase of the inductivity of the line. The Krarup cable in¬ 
creases moderately the inductivity and so it is sufficient in this 
case. The Pupin coils have today 5 to 15 ohms effective re¬ 
sistance, thus they can not be used for lines with a small re¬ 
sistance, for instance, copper wires of five millimeters diameter. 
Certainly the Pupin coil can still be improved considerably. 

By reducing the resistance r of the line by connecting two- 
two wires in parallel, we obtain a very good result. The so- 
called phantom circuit of the New York-Denver line, which is 
up to date the longest telephone circuit, was constructed in 

this manner. Fig. 23 illus¬ 
trates the Pupinizing method 
of this four-wire circuit 11 . 
To avoid confusion the wind¬ 
ings for but one side of the 
phantom are shown. 

Fig. 23—Diagram of Winding Table VI shows the differ- 

of Loading Coil for Use on Phan- ent l ine -coefficients at various 
tom Circuits ,. , r ,, 

diameters of the wires of 

telephone circuits and the total resistance of the telephone 
circuits. 

The complex quantities are given in their two forms (polar 
and rectangular coordinates.) The Heaviside formula for the wire 



of five millimeters diameter is 


( _ yl _ 

\ 1-56X10- 3 


> 


io - 6 

10.47 X10- 9 . 


instead of the equality. Increasing the insulation from 10 -6 
to 10 -7 (diminishing the leakage,) the formula rjl = g/c holds 
good and we can get the minimum attenuation without load¬ 
ing or with a minimal loading, which may be installed cheaply. 
One of the best methods of amending the insulation is the u^e 
of one simple wire. The 50 per cent of the leakance places 
and leakages are avoided. I experimented with one-wire 
long-distance telephony on telegraph lines; the disturbing ef- 


11. The Commercial Loading of Telephone Circuits in the Bell System, 
Bancroft Gherardi. Transactions of the American Institute of Elec¬ 
trical Engineers, 1911, Vol. XXX, Part III, pages 1743-1764. 
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fects of the earth currents are very simply and easily sur¬ 
mountable. Mr. Devaux-Charbonnel proposed first in the 
literature 12 the one-wire telephony for submarine cables. We 
have seen that the problem of submarine (ocean) telephony 
is only possible with the one-wire cable system. Devaux- 
Charbonnel did not propose the one-wire system for land-line 
telephony. It is not profitable for common use. We can not 
permit other conductors in the neighborhood of the wire. 
We can not use our transcontinental telephone wire mounted 


TABLE VI.—VALUES OF THE TELEPHONE-LINE COEFFICIENTS AND THE 
TOTAL RESISTANCE OF THE LINE. 


Diameter of wire... 

3. 

4. 

4.5 

5. 


5. 

2.8 

2.21 

1.7 

1 inductivity. 

1.49-10- 3 

12.00 TO -5 

1.43-10- 3 

12.00TO -9 

1.58-10- 3 

10.27-10" 9 

1.56*10-6 

10.77-10- 9 

g leakance per kilo- 

io- 6 

io- 6 

io- 6 

io- 6 

Zo'wave resistance 

a attenuation. 

377.912 (- 18° 
1'.43) 359 .389 - 
j 116.93 

41.58T0“ 3 (80°27' 
.67) 68.90 49-10" 4 
+ j 410.018T0" 4 

348.459 ( - 5°17 / 
.85) 346.98 - j 
32.175 

41.8169-10- 3 (84° 
13'.09) 42.126* 
10‘H j 416.06* 
io- 4 

394.11 ( — 3° 41' 
.57) 393.29 -j 25 
1.379 

40.748-10- 3 (85 o 
43'.76) 30.143* 
IO’ 4 + j 403.66* 
10 -4 | 

387.13 (-2° 49' 
.66) 386.65 -j 19 
.1 

40.533-10- 3 (86° 
36'.46) 16.918* 
jlO- 4 + j 404.99* 

io- 4 

Distance j 

Total 

resistance of the line in ohms. 

kilometers 

3 <$> 

4^ 

4.5 0 

5 < p 

1000 

2000 

3000 

185.720 (—9° 7'. 
44) 

182,160,009.504 
(+0° 13'.47) 

11.768 (+ 40°31 / 
.01) 

801,390 (- 81° 

29'.86) 

4,009.10(—31°30' 
.12) 

81,801.47 (-58° 
53'.55) 
1,665,351.216 
(-86° 5'. 53) 

I, 024.03 (-24° 

00'.35) 

II, 377.70C™ 62° 
32'.61) 


on the same poles as our other telephone circuits. The inductive 
effects affect the resistance of the wire. Currents are induced 
in the neighboring wires which dissipate the energy; it seems 
ultimately, as if the resistance of the one single wire would be 
doubled or tripled. Two-wire circuits do not possess this 
peculiarity, being free from outside induction. 

The one single wire has only half the resistance of the double 
wire circuits, but the change of the inductivity and capacity 

12. T61egraphie et Telephonie. Devaux-Charbonnel. La Lumi&re 
Electrique, 1913, No. 6, pages 164—168, 
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counteracts this effect, the inductivity decreases and so it is 
again suitable for loading; the capacity increases, which makes 
some loading desirable again. When the capacity is balanced 
in the sense of the Heaviside formula, the attenuation of the 
single wire circuit is only half of that of the double wire circuit, 
using the same diameter of the wire. 

For the balanced five-millimete r double w ire,, (r = 1.7, 
g = 10“ 6 ) circuit (3 would be Vl.7 X 10~ 6 = 1.30 X 10 -3 
= 13 X 10" 4 instead of 16.91 (Table VI) at the unloaded circuit. 
Loading the five-millimeter diameter single-wire circuit, we 
could obtain an attenuation 

e = 6-5 X IQ -1 

The length of a 10,000-kilometer wire multiplied by this at¬ 
tenuation would give [3L = 6.5. (3L — 4 is the commercial 

limit of today of the telephone discourse; we reach this limit 
at 6100 kilometers. 

Of course, it is not permissible to carry conductors in the 
neighborhood of the Big Creek 150,000-volt transmission line, 
or other disturbing circuits. The future transcontinental tele¬ 
phone must be free from these disturbances. The insulation 
must be well maintained; w^e have much to do in this respect, 
because, strange to say, no telephone lines are measured with 
telephone frequency currents, least of all the insulation. 

It is very difficult, if not impossible today, to get a circuit 
over 2000 kilometers, without insulation faults. Measuring 
the transcontinental lines daily and with the telephone cur¬ 
rents, we shall be able to maintain the proper insulation after 
we have thrown out the existing latent faults, which are very 
numerous. We need, for long-distance international telephony, 
a much better organized service and better methods than are 
customary today. 

Telephone Relays 

The considerable strength of the disturbing currents hinders 
the use at present of telephone relays. I have found that the 
disturbing effects over 1000 kilometers have already a greater 
intensity than the incoming current itself. By relaying these 
currents, the disturbing currents will become magnified and 
finally totally obliterate the speech currents. 
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Considering the problem from this point of view, I will dis¬ 
cuss only briefly the relays which might be successful in the 
future, especially on one-wire transcontinental telephony free 
from disturbances. 

S. G. Brown’s telephone relay is shown in Fig. 24. 

Brown uses a granular carbon microphone in a sealed capsule 
and connects this with the tongue of a very sensitive magnetic 
relay. 

Telephone-receiver microphone relays were tried by many 
inventors, but without success. Mr. Brown worked out the 
principle very carefully and gained a good result. Mr. Brown 
has another system of high-frequency current relay, where the 
air-gap resistance between osmium and iridium surfaces is 
changed by the vibratory movements of a very fine relay tongue, 
the vibrations being caused by the high-frequency currents. 
The relays are not in use on commercial circuits. 

To avoid the inertia of the magnetic relay, inventors have 
tried to use the cathode ray action. Lieben constructed the 
first cathode ray relay; later he and his collaborator Reis relin¬ 
quished the pure cathodic ray action principle and formed the 
electron-relay. Lee de Forest patented his audion also. Both the 
Lieben-Reis relay and Lee de Forest audion work on the electron 
principle. The cathode (covered eventually with Wehnelt’s 
alkali-earth metal salts) is heated by an electrical current; a 
metallic obstacle is placed in the way of the electrons which are 
thrown out from the cathode: (the bored-out plate of the Lieben- 
Reis construction, and the grid in de Forest’s audion.) When 
we have no potential on the plate or on the grid, the flow of the 
electrons is not changed. But it is possible to arrange the 
conditions in such a manner, that a minute change of the poten¬ 
tial causes a considerable increase of the electron current. Mag¬ 
nification of from 20 to 30 times can be produced in this way. 
Because there is no inertia present, and no movement of relay 
tongues or anything similar, the speech is not distorted. 

Their present application is very uncommon. It. is quite cer¬ 
tain, that under favorable conditions of the telephone circuits a 
considerable distance can be reached; however, we need to insert 
the relay before reaching 1000 kilometers, and so for trans¬ 
continental speech more relays (three to four) are necessary. 

Telephone-relays will play an important role in the future of 
transcontinental and ocean telephony. We need today better 
circuits and fewer disturbing effects, which can be obtained only 
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through a careful investigation and research organization. 
Because these electron relays are not in common use yet, I will 
not go into details. 

I have explained in this paper the present situation and the 
hopes of the rapid cable telegraphy, and of the ocean and trans¬ 
continental telephony, and I presume that the prediction made 
in Professor Silvanus P. Thompson’s lecture in 1893 will soon 
become a reality, and thus the telephone communications across 
the Atlantic and'the continents will be able to aid future gener¬ 
ations in avoiding misunderstandings. 
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Discussion on “Submarine Cable Rapid Telegraphy; Ocean 
and Intercontinental Telephony” (Bela Gati), 
San Francisco, Cal., Sept. 17, 1915. 


Otto B. Blackwell (communicated after adjournment): 
Without attempting a complete criticism of Mr. Gati’s paper, 
I wish to comment on certain statements made in it, particularly 
those regarding telephony. 

“Only the shunted coil cable is suitable for ocean telephony 
its resistance being only 24,680 ohms at 4000 kilometers. The 
length of the South American and African connecting cable is 
less than 4000 kilometers, and so, on these cables ocean telephony 
is already possible; naturally only with the aid of the one fre¬ 
quency system.” 


This interesting conclusion is drawn from Table IV. Let us 
consider the assumptions on which this table is based. We find 
first, that^the leakage is taken at one micromho and the capacity 
at 0.23 microfarad per kilometer. This gives a ratio g/c = 4.35. 
For a frequency of 1600 cycles, for which the table is computed, 
this is considerabfy better than would be realized in the best 
standard types of telephone cable insulated with a loose wrapping 
of very dry paper. I have seen no figures given on dielectrics 
for submarine use which approach this figure. It is moreover, 
inconsistent with the value assumed for comparison in computing 
Table III for Krarup cable. 

V e find next that the shunt coils are assumed to have per 
kilometer an inductance of 0.04348 henry with a resistance of 
0.0189 ohm. This^gives a ratio of R/L = 0.435. A coil having a 
ratio of R/L =45 at 1600 cycles is considered a good coil for 
land lines V'hile the-shunt coils could economically be much 
more expensive than the coils for land lines in view of the value 
of the cable and the infrequent spacing, they would be subject to 
severe mechanical limitations as they would need to be suitable 
for deep sea use. We must, therefore, consider the coil efficiency 
assumed as entirely unreasonable. 

Considering next the formula used, it should be noted that 
equation (8) does not take account of the loss in the loading 
coils. For a reasonable assumption as to coil efficiency, this 
becomes very important. 

To indicate the effect that these changes in assumptions 
and formula w ould have, I have had computed the attenuation 
constant and total resistance of cable in ohms” for 4000 kilometers 
assuming the cable to have the same capacity and resistance as 
used m computing Table IV but assuming a ratio of g/c — 14 5 
which is that assumed by Mr. Gati for the Krarup cable (this 
however being better than realized in practise), and a ratio of 
R/L of 45. On this basis /? = 0.0035 +j 0.0039 and the 
Total resistance of cable” for 4000 kilometers is 154,000,000 
This latter figure is to be compared to the value of 24,680 com¬ 
puted m Table IV for the same distance. 
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Assuming, however, for argument that it were possible to 
realize a cable having at the assumed frequency the constants 
stated in the paper, there is still the difficulty that the frequency 
assumed is only about 1600 cycles. As noted in the paper the 
carrier frequencies suggested for this purpose by Squier and 
others are very much higher than this value and would be sub¬ 
ject to very much larger dielectric and coil losses and, therefore 
to very much larger attenuations. 

In addition, but apart from the above, there still remains 
a controlling reason why a shunt, loaded cable of this type would 
not be effective for long distance telephony. The paper states 
the cable would be used “naturally only with the aid of the one 
frequency system.” A carrier current modulated in amplitude 
in accordance with the variations in a telephone.current, is how¬ 
ever, not a single frequency system at all.. It involves a satis¬ 
factory transmission of a range of frequencies, of the same order 
of magnitude as is involved in the ordinary telephone transmis¬ 
sion, i. e., about 2000 cycles or more. We must, therefore, 
either for carrier currents or without them consider the atten¬ 
uation of the cable not at one frequency but at a range of fre¬ 
quencies. It is exactly in connection with this matter of a range 
of frequencies that shunt loading is inefficient. For example, 
taking the assumptions of the paper for the shunt loaded cable 
as used in computing Table IV. we find at 1600 cycles an atten¬ 
uation constant of about 0.0011 and at one-half this frequency 
or 800 cycles an attenuation constant of about 0.05; that is, 
the attenuation at 800 cycles is over 40 times as large as at 1600 
cvcles. 

' We must conclude, therefore, that South America and Africa 
are still considerably farther apart telephonically as far as cable 
circuits are concerned than Mr. Gati’s computations led him 
to believe. 

The above discussion, except for the last factor mentioned 
(frequency range) applies also, of course, to the conclusions 
drawn as to the use of the shunt loading for ocean telegraphy. 

Without entering into a detailed discussion of the character¬ 
istics of shunt versus series loading,, the following facts will give 
a general idea of their relative characteristics. 

1. For currents of a given single frequency, the reduction in 
transmission losses which can be obtained by loading a circuit 
with coils of a given efficiency is the same, whether the loading 
be series loading, shunt loading, or a combination of the two. 
The efficiency of a coil for this purpose is measured by the ratio 
of its effective inductance to its effective resistance. 

2. For telephony, series loading has a controlling advantage 
over shunt loading, in that it provides a circuit having transmis¬ 
sion losses which are approximately the same over a wide range 
of frequencies. This range of frequencies can readily be made 
broad enough to include all frequencies important in telephone 
transmission. The effect of shunt loading varies greatly with 
the frequency, making it undesirable for telephone use. 
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3. For single-frequency currents, shunt loading has the advan¬ 
tage, under some conditions, of permitting a greater distance 
between loading coils than with series loading. For this reason 
it might be preferable in cases in which it was desired to trans¬ 
mit a single frequency only. 

In the last part of his paper, the author discusses the question 
of increasing the range of telephone transmission on land. In 
this connection, it should be appreciated that the commercial 
application of any particular means for increasing the range of 
telephone transmission involves a great many difficulties to be 
overcome, asidefrom those involved in the particular means itself. 
These difficulties arise from the complicated nature of the service 
given by a commercial telephone system. For example, an in¬ 
crease in the output of the transmitter or in the efficiency of the 
receiver increases the magnitude of the interference effects 
between different telephone circuits which, from the nature of the 
telephone system, must be in very close physical relation to 
each other. Because of the high frequency of the telephone 
currents, the tendency for such inductive effects between the 
telephone circuits is large. In addition, an increase in the effi¬ 
ciency of receiving apparatus tends to increase the volume of 
sound produced by the inductive effects of power circuits and 
other sources of inductive effects to which the telephone circuits 
are exposed. Moreover, changes which affect the telephone toll 
lines can be made only after a consideration of their effect on 
the superposition of the telephone and telegraph circuits on the 
same wires, necessary in order to obtain an economical use of 
the conductors. These remarks are made to emphasize the fact 
that extending the range of telephone service, or any other im¬ 
provement of telephone service on a commercial system, cannot 
be brought about by a single change in circuits or apparatus, 
but necessitates the application of many modifications in differ¬ 
ent elements of the system and the consideration of the ways in 
which these changes react upon each other and upon the system 
as a whole. 

In his discussion of means for increasing the range of trans¬ 
mission over land, the author brings forward the proposition 
of using single-wire circuits with ground return, pointing out, 
however, certain disadvantages. Under the conditions in this 
country, single-wire circuits cannot, of course, be seriously con¬ 
sidered for toll lines, considering the large number of power 
circuits and other sources of induction to which the telephone lines 
are exposed and considering the large number of telephone circuits 
which must be run on a single lead. In this connection, however, 
the paper appears to make the mistake of supposing that with a 
single line and ground return the leakage will be less since “the 
50 per cent of the leakance places and leakages are avoided.” 
It is evident, however, that the single wire with ground return 
has more leakage than a two-wire circuit since in the two-wire, at 
any crossarm, the leakages of the two insulators are in series, 
not in parallel, as far as the telephone circuit is concerned. 
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I note a number of mistakes in computation in the tables. 
With the assumption made in the paper for a Krarup cable we 
obtain a value of Z 0 = 109 /0°55' instead of the value given. 
This reduces all the values in Table III by about a factor 3. 
It is not evident for what conditions the assumptions as to l and 
c in Table VI are made; they appear to vary inconsistently 
with size of wire. Also, the angle of Z 0 for the 5-ohm wire and 
the real component of a for the 1.7-ohm wire appear to be in 
error. 
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Discussion on “ Report by the Joint Committee on In¬ 
ductive Interference,” San Francisco, Cal., Sept. 17, 
1915. 

Progress of the Investigation of Inductive Interference 
by the Joint Committee on Inductive Interference 

Since the presentation of our report at the Spokane conven¬ 
tion a year ago, the principal experimental work has been con¬ 
ducted at San Fernando, about twenty miles north of Los 
Angeles. Here the committee had completely at its disposal, 
for several months, a thirty-seven mile power circuit and private 
telephone circuit of the Pacific Light and Power Corporation, 
also several banks of transformers, loaned by the same corpora¬ 
tion. These facilities, in addition to the regular equipment of 
ins trument transformers and portable field laboratory, made it 
possible to conduct extensive tests along various lines. The 
chief points investigated will be briefly mentioned. 

The unbalances to ground of a power circuit isolated from ground. 
This study was undertaken with reference to the residual voltage 
caused by such unbalances and the effectiveness of transposi¬ 
tions as a means of balancing the system. The conductors of 
the circuit used for the experiments are spaced five feet apart 
in a vertical plane. Tests were made under three conditions 
of the power circuit as regards transpositions; first, no trans¬ 
positions; second, two transpositions dividing the line into three 
equal sections, or one barrel; and third, five transpositions divid¬ 
ing the line into six equal sections, or two barrels. _ Under each 
condition, tests were made consisting, in part, of residual voltage 
measurements with the line energized at approximately 28 kv. 
between wires, by a bank of transformers isolated from ground; 
and, in part, of measurements of capacitance and conductance 
unbalances to ground of pairs of conductors at frequencies 
ranging up to about 1000 cycles per sec. The influences of 
connected apparatus and of leakage under wet weather condi¬ 
tions were considered. As might be expected, the results of the 
residual voltage measurements at the fundamental frequency 
(50 cycles) showed no difference in the effectiveness of two over 
one barrel for this length of line. In the absence of a source of 
three-phase energy for frequencies ranging from 200 to 1200 
cycles it was necessary to resort to an indirect means of deter¬ 
mining the residual voltage at these frequencies. Measurements 
of the unbalances between pairs of conductors, supplemented 
by measurements of the total admittance to ground of different 
combinations of conductors, afford means of computing the 
residual voltage. The results of these tests at high frequencies 
showed a marked difference in the effectiveness of the one and 
two barrel systems; two barrels being, of course, better than one 
with the advantage increasing at the higher frequencies. It is 
interesting to note in this connection that the non-transposed 
condition of the line gave better balance at the highest fre- 
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quencies than at the lowest. A point was reached when the 
gradual decrease of the unbalance with no transpositions and the 
rapid increase of unbalance with a single barrel resulted in a 
worse unbalance for the single barrel than for no transpositions. 
The question naturally arises in the minds of some, as to the 
reason for tests at such high frequencies where the fundamental 
operating frequency is only 50 or 60 cycles per sec. It has been 
repeatedly stated and shown that the harmonics rather than 
the fundamental frequency components are the basic cause of 
disturbances in parallel telephone circuits. The practical goal 
of all this work is the determination of reasonable requirements 
of transpositions in power circuits isolated from ground as a 
means of obtaining effective electrostatic balance and thereby 
preventing harmful residual voltage. 

Parallel with the experimental work, a theoretical study of the 
unbalances characteristic of different circuit configurations was 
carried out. Consideration was also given to the equivalent 
unbalances of a line at high frequencies. 

The relationship of triple harmonic residuals to the magnetic 
density m grounded star connected transformers. This study 
included tests with both delta-star and star-star connected 
transformers. _ Since.the reaction of the line is a factor in deter¬ 
mining the residuals introduced by a given bank of transformers 
the investigation included tests of the influence of different line 
conditions. 


1 ne magnitude of triple harmonic residuals as affected by trans¬ 
former connections . The comparisons were made at approxi- 
mately constant magnetic density. The connections considered 
included star-star, delta-star, delta-interconnected-star, star- 
lnterconnected-star, and the effect of an auxiliary bank of delta- 
star or delta-interconnected-star transformers so connected as to 

I sh * nt t0 . the lme for the triple harmonic residuals intro¬ 
duced by the mam transformers. 

Induction between the power and telephone circuits. The close 
“ d - nifGrm association oi the two circuits, the two being carried 
on the same poles, afforded an unusual opportunity for an experi¬ 
mental determination of the coefficients of induction and” 
comparison with computed results, and for testing the effective- 

as S LeLTnf P °ri ltl0 ' nS 1?1 J?*° th - th ® power and tele Phone circuits 
as means of reducing inductive interference. 

Tests of induction at the fundamental operating frequency 

SyStem w< t re mad e.by energizing the power circuit through 

effecf oTS U bSanced faV ?£f? ? turn the predominant 
eiiect oi. (aj balanced voltages, (b) balanced currents (VI re 

sidual voltages, and (d) residual currents. The corresponding 

wwl 011 in the tele P hotie circuit was measured simultaneously 
with the current and voltages of the power circuit As the 


( 
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The effectiveness of transpositions in the telephone circuit as 
a means of reducing induction arising from the several compon¬ 
ents of power circuit voltages and currents, was tested on a short 
section of the line which contained no power circuit transposi¬ 
tions. 

In a short section of the “ parallel,” with both power and tele¬ 
phone circuits non-transposed, an extensive series of measure¬ 
ments of induction was made using many combinations of con¬ 
ductors and methods of energizing the power conductors. The 
effects of shielding were studied to a limited extent. 

With a single-phase source of energy at high frequencies 
(Vreeland sine wave oscillator) measurements were made of the 
coefficients of induction corresponding to harmonic residuals of 
high frequencies, and the effect of telephone transpositions, as a 
means of minimizing induction from such sources, was studied. 
The lack of a three-phase source of energy at high frequencies 
prevented the doing of hny experimental work to determine the 
effectiveness of power circuit barrels of different lengths on the 
induction from the higher harmonics of balanced currents and 
voltages. 

The computed coefficients of induction were in very close 
agreement with those experimentally determined. As a basis for 
the computations of induction from residual current it was 
necessary to determine experimentally the depth of the equiva¬ 
lent locus of earth currents. In general, the study of induction 
and. of the effectiveness of power and telephone circuit trans¬ 
positions, while not being as complete as might be desired, owing 
to the lack of some apparatus and the fact that only one tele¬ 
phone circuit was considered, has given results of considerable 
value. 

The effect of a ground on one phase of a normally isolated 
system in producing abnormal residual voltages and currents 
was studied both experimentally and theoretically with close 
agreement in the results. Under the abnormal conditions of a 
ground on a power circuit it is, of course, the resulting residual 
currents and voltages which cause the greatest damage to parallel 
communication circuits. 

Observations of the residuals of the 15-kv. network (Pacific 
Light and Power Corporation) which supplied the committee’s 
temporary substation and field laboratory, were studied under 
two conditions of operation of the power system. 

In addition to the San Fernando work there has been some 
work done on a study of the residuals under operating conditions 
at several points on grounded neutral networks. The object of 
these tests was to obtain information as to the magnitude of 
residuals to be expected under different typical conditions of 
operation so as to afford a basis for future recommendations as 
to the limitations of residuals of this type of system. 

During the past year a considerable amount of work has been 
done on several problems by the telephone companies at the 
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request of the joint committee. The American Telephone and 
Telegraph Company has conducted extensive tests to determine 
the detrimental effect, on the intelligibility of conversation, of 
extraneous currents of different frequencies in a telephone re¬ 
ceiver. A report of the results obtained for single frequencies 
has been submitted to the committee and work is now under way 
with reference to the effect of multiple-frequency currents of 
different combinations. The important bearing of this work was 
indicated in the discussion submitted by this committee, at the 
Deer Park convention, on the subject of irregular wave-forms. 

Subsequent to the issuance of our report last year, the matter 
of the redesign of its standard telephone transposition system 
was undertaken by the American Telephone and Telegraph Com¬ 
pany, in order to facilitate compliance with the committee’s 
recommendations in regard to transpositions within the limits 
of parallels. The present standard system of telephone trans¬ 
positions affords very limited opportunities for coordination with 
power circuit barrels of different lengths, to make the power and 
telephone circuits mutually non-inductive.. For this reason, 
the redesign of the telephone transposition system to permit of 
more flexible arrangements in combination with power circuit 
barrels was made necessary. This modification of the telephone 
transposition system applies both to the standard sections and 
to the short length sections. A large amount of work is involved 
which has not as yet been entirely completed. 

At the request of the joint committee, the Pacific Telephone 
and Telegraph Company has submitted a report dealing with the 
development of balance of telephone circuits. This report is the 
result of an investigation of the methods and measures employed 
by the telephone companies to obtain good electrical balance 
of their circuits and to protect them against inductive interference 
from other telephone circuits (cross-talk) and from foreign 
sources. The report considers the subject from the conditions 
presented by the earliest experience of the telephone companies 
to those of the present day. This report was desired as a basis 
for the consideration of the subject by the committee. 

The committee has recently been giving careful attention to 
the matter of future work. There appears to be no good reason 
for deviation at this time from the general program as laid down 
in the committee’s report published last year. It is expected, 
therefore, that the future work will continue, as has the work 
during the past year, along the general lines suggested by that 
program. The detailed plans for the conduct of this work have, 
however, been the subject of much discussion. The facility with 
which the work at San Fernando could be carried out with both 
power and telephone lines completely at the disposal of the 
committee at all times, suggested the possibility of test lines 
constructed primarily for experimental purposes. Were neces¬ 
sary funds available, tests of great value could be of course carried 
out under such conditions. After carefully weighing all ques- 
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tions involved, it was decided that the information desired could 
be obtained most advantageously by a study carried out under 
practical conditions. In any event the committee could not, in 
justice to itself, properly call its work complete without actually 
applying in several cases the remedial measures which it proposes 
and noting the difficulties and limitations imposed by practical 
conditions. 

The problem offered by any case of parallelism between power 
and communication circuits is capable of subdivision into two 
main parts. These are, first, the matters of line configuration 
and coordinated transposition systems to render the power and 
communication circuits as nearly as practicable mutually non- 
inductive, and second, the control of residuals and their restric¬ 
tion to frequencies and magnitudes which do not cause material 
interference either to grounded telegraph circuits or to properly 
transposed and balanced metallic telephone circuits. Normal 
operating conditions on the power system are assumed. 

With reference to the first subdivision, the problem is identical 
for both the isolated and the grounded neutral types of power 
system. The second,, control of residuals, differs entirely with 
respect to the two types of systems. For the isolated system the 
principle is relatively simple. Transposition of the circuit in¬ 
volved in the parallel, throughout its entire length, so as to ob¬ 
tain good electrostatic balance offers the most practical way of 
accomplishing the result desired. Assuming a uniform configura¬ 
tion throughout the line, the transpositions for this purpose must 
be so located that each conductor of the circuit occupies all of 
the conductor positions for equal distances. In other words, 
they must be equally “ exposed ” to the earth. In addition, 
the transpositions must be frequent enough so that their balan¬ 
cing effect is not rendered ineffective by the attenuation and phase 
changes which occur along the circuit at frequencies producing 
harmful interference to the communication circuits. With 
reference to grounded neutral systems, the control of residuals 
presents a more complex problem, especially on existing systems. 
Its solution has engaged the attention of the committees in 
large measure from the outset of the investigation and will 
undoubtedly continue to do so in the future, as this seems one 
of the main outstanding problems. The residuals of grounded 
neutral systems. characteristically contain the third harmonic 
-and its odd multiples, together with some fundamental and other 
harmonic components due to unbalanced load conditions. The 
solution of this problem, therefore, involves a very careful study 
of transformer connections, magnetic density, the reaction of 
lines upon the triple harmonics introduced by transformers, and 
the interaction of the different banks of grounded star-connected 
-transformers throughout a system. The practical solution of a 
question of this kind requires tests of typical grounded neutral 
systems under actual operating conditions. Tests such as were 
conducted at San Fernando, under the relatively simple condi- 
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tions where the residuals introduced by a single bank of trans¬ 
formers were studied, afford, however, a good foundation for the 
study of the more complicated cases to be encountered in prac¬ 
tise. 

To carry out the plans just discussed, a tentative program, 
now under consideration, includes the investigation of one parallel 
involving the isolated type of power system and several parallels 
involving the grounded neutral type of power system. It is felt 
that the study of an isolated power circuit, as conducted at San 
Fernando, supplemented by one other investigation involving 
this type of power system, will afford the committee all the 
information necessary for it to establish, on a firm basis of scienti¬ 
fic fact, the requirements for transpositions to give good electro¬ 
static balance on power circuits isolated from ground, thereby 
preventing residuals of harmful magnitude. The complex condi¬ 
tions encountered on grounded neutral systems make it inadvis¬ 
able that general conclusions be drawn from an investigation 
of a single case. 

It was said above that a theoretical study has been made of 
the effect of power-circuit configuration on the electrostatic 
balance of the circuit. It is proposed also to study the effect 
of circuit configuration on the induction between power and 
communication circuits. Some work along this line has already 
been done, especially with reference to possible alterations in 
configuration of telephone phantom circuits. In general, if it 
is possible to make power and telephone circuits mutually non- 
inductive, to a satisfactory degree, by a reasonable number of 
transpositions installed for this purpose, it is not expected that 
the question of configuration for either class of circuit will 
become of controlling importance. Configuration of both classes 
of circuits will be considerably influenced by other reasons; 
economical methods of construction for both lines. Other things 
being equal, it is very desirable that circuit configurations be 
such that the coefficients of induction between non-transposed 
sections of lines shall be as small as possible. 

A study of the variation with frequency of the effectiveness 
of transpositions in both power and telephone circuits has been 
suggested. Under practical conditions there are, however, 
many other factors, such as length of parallel, large number of 
telephone circuits involved and points of discontinuity within 
the limits of the parallel, which enter into the problem of de¬ 
termining the proper number of transpositions in both types 
of circuits. These factors are such as to enforce arbitrary 
and somewhat inflexible limits, so that this matter of frequency 
is not the determining factor in setting a limit for the number 
of transpositions required to obtain mutually non-inductive 
conditions. The effectiveness of transpositions at high fre¬ 
quencies was one of the chief questions proposed for experimental 
investigation on test lines. Such an investigation would be of 
undoubted scientific interest, but the practical bearing of the 
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subject does not seem to warrant the expense involved, especially 
as it is expected that the results can be obtained more economi¬ 
cally by theoretical study. 

Upon completion of the work which has just been discussed, 
the committee expects to draft a supplementary report to be 
presented to the Railroad Commission of the State of Cali¬ 
fornia, giving in detail the conclusions derived from its .investi¬ 
gation from the date of its first report, and such recommenda¬ 
tions as it feels necessary, to make the rules recommended in 
the former report more complete and explicit than was possible 
at the time the earlier report was rendered. 

During the past year $7200.00 have been raised by contri¬ 
butions of the power and communication interests. Previous 
to this, $9400.00 had been raised by a similar contribution made 
shortly after the formation of the committee. It should be 
noted in this connection that this amount of money represents 
only a small portion of the total expended on the investigation. 
Both the power and communication interests have in addition 
to the above, contributed heavily in the time of their employees 
and in apparatus placed at the disposal of the committee. This 
has been true particularly of the telephone companies. The 
Railroad Commission of California has also contributed finan¬ 
cially, and the railroads of the state have contributed through 
the provision of free transportation for all committee members, 
employees, and freight. From the outset, the investigation 
has had the support of communication interests with more than 
statewide affiliations. On the other hand, upon the power 
interests of California has fallen almost the entire burden of 
meeting the power interests’ share of the expense. Of late there 
has been considerable discussion among the California power 
interests with reference to obtaining the financial support of 
the similar interests throughout the country. This subject is 
undoubtedly of far more than local importance and it is to the 
interest of all parties that the investigation thus begun be brought 
to a state of reasonable completeness. The organization and 
equipment of the committee and the unrivaled field for in¬ 
vestigation offered by the conditions in California render it 
desirable that the work be prosecuted to a conclusion in this 
State. It is the hope of the Joint Committee on Inductive 
Interference to bring its study, which involves the mutual 
relationship of the two largest subdivisions of electrical in¬ 
dustry, abreast of the present state of development in each of 
the two. arts involved, electrical energy supply and electrical 
communication. Beyond this point we can not reasonably go; 
further progress will occur naturally with the evolution of the 
two arts. We believe that this result can be realized in such 
a manner as to leave both unfettered in their development. 
This, as we undoubtedly all agree, broad-minded public policy 
will demand. 
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A. J. Bowie, Jr.: I am very much interested in the effect 
of high-frequency oscillation on telephone lines. It is a well 
known fact that the higher the frequency the worse would be 
the inductive effect upon the lines, and it is highly desirable 
that any effort it is possible to make should be made to keep 
away from the effect of high frequency, no matter what it comes 
from. There appeared some time ago in the Electrotechnische 
Zeitschrift some articles by Doctor W. Linke, these were in the 
issues of July 2nd and July 9th, 1914. He discussed transient 
phenomena. He had made a general study of these phenomena 
from many points of view with different phases, kinds of circuits, 
conditions and kinds of switch apparatus; and the result of 
this is published in the two issues referred to. In particular 
he discusses the effect of different types of switches, and arcs 
found in the different types of switches, and the voltage varia- 




Fig. 1 


tion, particularly with reference to the creation of harmonics 
in their own circuits. He has made tests of both oil switches, 
air switches without horns, and air switches ■with horns. His- 
conclusions are that the oil switch causes the most serious 
harmonics, but the air switch without horns was gentler in its 
action, and. that the air switch with horns was ideal in its action 
in suppressing the harmonic and gradually reducing the current 
before the point of final break. 

Among others he made a test on a 10,000-kw. generator, 
which was short-circuited by a horn-break air switch. The 
generator was brought up to normal voltage before short- 
circuiting. The phenomenon of opening is shown by the 
oscillograms. The voltage curve does not show a single sharp 
peak or quick rise, even with the rising of the arc on the horn, 
and likewise with the gradual Increase of resistance the voltage 
rises from the moment of short-circuiting slowing to the normal 
height, while the current changes to zero. This is shown in 
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Fig. 1. Fig. 2 shows the corresponding test made with the 
oil-break switch. 

There has been a certain amount of misunderstanding of 
the action of arcs in air, which I think is being gradually 
straightened out as further experiments throw more light on 
the subject. At first it was supposed that the arcs which 
occurred in air caused destructive rises of voltages on their 
own circuits. It has been pretty well disclosed by many tests 
which have been made, among them some made by W. P. 
Hammond, which appeared about a year ago in the General 
Electric Review , and showed definitely, that the rise of voltage 
which occurred from opening the horn type of switch was less 
than that which occurred in opening the air type of switch. 
Having disproven any material rise of voltage occurred on 
their own circuit, they were finally confronted with the fact 
that the arc may affect the neighboring circuit/ 

There are only three cases in which a rise of voltage can 



occur on the pow T er circuit which will affect the telephone 
circuit. The. one is from a natural rise, from the opening of 
the switch; the second is from harmonics; and the third is from 
the unbalanced condition which will result from one phase 
opening in advance of the other phases. We cannot say de¬ 
finitely, either with an oil switch or an air switch, that all three 
phases open at the same time, in fact, it is doubtful whether 
they do; but no definite data have been brought forward on this 
subject one way or another. It is a matter which should be 
investigated further before any rules or regulations are passed 
on the subject. 

John B. Fisken: There are some rules that are a little hard 
on the power company, possibly because they are not under¬ 
stood. I have been for about a year trying to find out what 
is meant by a “parallelism.” Rule No. 1 reads that “reason¬ 
able effort shall be made to avoid new parallelisms.” I think 
all power companies try to do that. We are told to avoid 
parallelisms, but are not told what a parallelism is. What I 
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want to know is, when a power line and a telephone line are 
running in a parallel direction, what is the distance between 
them and the length to constitute a parallelism? 

On this question of air-break switches versus oil-break switches, 
we have in some of our lines occasion to use air-break switches. 
Some two or three years ago we had oscillograms taken on these 
lines. As I remember, the higher frequencies were not present 
to as great an extent with the air-break switches as they were 
with the oil switches. We have two lines which we have fought 
with for some time, and in connection with them I want to 
ask Mr. Babcock if the committee has made any investigation 
of the effect of killing the charging current on a steel tower 
line. My reason for asking that, is this—something like nine 
or ten years ago we built two lines, 60,000-volt lines, 60 cycles, 
that paralleled main telephone lines. We operated them many 
years without any trouble. What is technically known as 
“bats” had not put in an appearance. A few years ago the 
bats began to get on the scene, and it puzzled us to know where 
they came from, as the method of operation had not been 
changed in the slightest degree. We found that in taking the 
power off the line, there was no result, but when we came to 
“kill” the line, breaking the charging current, there was a result. 

Now, the connection between this line and the steel tower 
line is this—several years ago, in order to get rid of the burning 
of our pole tops, we grounded the pins on both of these lines. 
The effect is the same on either of them. It has occurred to 
me since that possibly the ill effects that we get from these 
lines may be due to the discharge of the condensers—there are 
over 2000 insulators on each line, which constitute condensers, 
and I have thought that possibly the rush to ground through 
the ground wires might cause this trouble. We have solved 
that problem in a measure by doing our switching on the low- 
tension side. That in many cases is not a practicable proposi¬ 
tion. There are one or two questions which I think will have 
to be referred to the manufacturers, the requirements as to 
wave form, etc., of generators, and the transformer require¬ 
ments. 

J. E. Woodbridge: I can answer Mr. Fisken’s question 
about the so-called “bats” probably by a description of the 
appearance of the same trouble in this territory. There have 
been reported to the various power companies around San 
Francisco some very severe bats that in some cases affected 
telephone operators to such an extent that it drew blood from 
their ears, etc. These troubles were investigated and it was 
found that they synchronized with the killing of certain 100,000- 
volt power circuits by the opening of switches. It was found 
that the three individual single-pole oil switches, in the three 
phases of the 100,000-volt line, did not open at exactly the same 
instant. They were operated by three independent air cylin¬ 
ders, that is, they were not mechanically connected to open 
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at the same instant. It was partially, on account of that dif¬ 
ficulty that the ruling was recommended to the railroad com¬ 
mission to provide for mechanical connection between such 
switches. That slight difference in the time of operation of 
the three phases is a small measure of what is to be found in 
the operation of air-break switches. These air-break switches, 
referring now to the article by Mr. Hammond, required in 
some cases several seconds, that is, several hundred cycles, 
for the breaking of the circuit, where oil switches require, as 
a rule, a fraction of a cycle, and probably at the most from one 
to two cycles. The three arcs drawn off in air do not break 
simultaneously, as has been observed visually; and the break¬ 
ing of one arc ahead of the other two, or two ahead of the other 
one, leaves full voltage supply to one of two conductors, with 
the other conductor or phase open-circuited. That gives the 
same action as the slight difference in the operation of the three 
oil switches just mentioned, only, presumably to a much greater 
degree. 

J. P. Jollyman: Our study of this matter of inductive 
interference has pointed out to those of us who have been 
interested primarily from the power standpoint, one thing that 
is interesting and very encouraging, that the things which do 
the most to cause trouble "with the parallel communication 
circuits are not essential to the operation of the power circuits. 
It is the little odds and ends of things that creep into the power 
circuits and have nothing to do with the actual business of 
transmitting power, that cause most of the trouble for the 
parallel communication circuits. With this point in view, it 
seems that the power company should reasonably be expected 
to do what it can to get rid of the things that are not essential 
to itself but which cause a great deal of trouble to other people. 

Fortunately the desirable frequency for transmission of 
power represents, a frequency very materially below the average 
frequency of voice currents. The power currents of normal 
frequency, which, of course, are the useful currents for the 
transmission of energy, where they do set up induction, set 
up an induction.which is not as troublesome in telephone lines, 
at least, as the induction from the higher frequency harmonics 
which creep into a power system at times. With the exception 
of a few instances, I believe that these harmonics are of no 
particular importance to the power people. They do not serve 
any particularly useful purpose, nor are they usually of sufficient 
magnitude to be particularly noticeable to power people. In 
some cases, however, they are very noticeable to the parallel 
communication interests, and are a great deal more effective 
in causing trouble than is the primary or fundamental frequency. 

The reduction of the harmonics and of their effect is, with 
respect to the telephone lines, at least, the principal problem 
before the committee at the present time; in other words, the 
problem is to control those frequencies in the power system, 
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which are not essential to the operation of the power system, 
but which are very disturbing to their neighbors. In the case 
of the telegraph lines, the lower frequencies are more trouble¬ 
some than in the 0 case of the telephone lines. Telegraph lines 
fortunately, are not as sensitive as the telephone lines, and the 
operation of parallel circuits is not so difficult. Of course, 
the power men know the fact, that transformer magnetizing 
currents do contain a certain amount of harmonics higher than 
the fundamental. It is possible in a new system to design the 
transformer connections so that the effects of these harmonics 
will be very iargely eliminated. Some of the existing systems 
have many transformer connections in which the third harmonic 
component of the transformer magnetizing current is not taken 
care of within the bank itself. An important problem before 
the committee at the present time is to learn how to take care 
of this locally. It seems that this can be accomplished. 

A matter of very great concern at the present time to all of 
the interests involved is to find out, if we can, the most prac¬ 
ticable forms of line construction, transformer installation, etc., 
which will be preferable from a non-interference standpoint. 
A considerable option, especially on the part of the power 
company, exists in the form of the arrangement of conductors 
on a -supporting structure, without any material difference of 
cost, or with very little difference in cost. As was pointed 
out in the discussion presented by Mr. Babcock, the most 
important problem before the committee at the present day 
is to find how the circuits may be built to give the least in¬ 
herent mutual interference. 

P. M. Downing: The report of the Inductive Interference 
Committee has been criticized because it is indefinite, and does 
not define what constitutes a parallel or a parallelism. 

As a member of that committee I do not hesitate to say that 
neither the power nor the telephone people were able to de¬ 
termine a proper definition of the term. 

In view of our knowledge of the subject, neither side was 
disposed to make any hard and fast rule, fixing the separation 
between power and telephone lines. Nor are we prepared 
■ even yet to say just how great the zone of interference is under 
every condition of voltage, loading, configuration, etc. In 
other words, there are so many elements that must be taken 
into consideration, that a still further study of the subject must 
be made before a better definition can be given. The further 
investigations of the committee may enable them better to 
define the term, and they may not. 

J. B. Fisken: As I understood Mr. Woodbridge in answer to 
my question, his solution of the difficulty was that the three 
poles of the switch did not break at exactly the same moment. I 
want to assume the case that they break together as nearly as 
it is possible to make them break. In this particular case I would 
state that we have an expert switch man, who goes over our 
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switches all the time and adjusts them, so that as near as it is 
possible for any human being to make them, the three poles of 
the switches break at the same time. Assuming that the three 
poles break at the same time, then does the fact that the pins 
are grounded and the insulators act as condensers cause the 
interference when the charging current is broken? 

E. E. F. Creighton: I think it is impossible to answer Mr. 
Fisken’s question offhand, as so much depends upon conditions. 
The capacitance of an ordinary suspension type disk is approxi¬ 
mately- 34 micro-farads, in other words, 34 times ten to 
the minus twelfth power. A calculation can, therefore, be 
made which will give the total current which would flow through 
the insulator to- the ground. The capacitance of a string of 
suspension disks is equal to only a small fraction of the ca¬ 
pacitance of the line wire between towers. I should suspect the 
trouble was due to the accidental arc-over on the line at the 
time of opening the switch, or to an unbalanced electrostatic 
condition of the three phases during switching. 

J* E. Woodbridge: As I understand the two conditions Mr. 
Fisken describes, one is the condition of the neutral between 
the pins and the other is the resistance of the wood pole between 
the pins and the ground. We made some computations at 
one time of the amount of line capacitance which is contained 
in the insulators themselves, which in the case. we had in mind 
was a string of suspension insulators. We tried to determine 
what proportion of the total line capacitance was made up. of 
the capacitance between the caps and eyes of the suspension 
insulators, and we found that this capacitance was a very 
negligible part of the total, I believe a fraction of one per cent. 
The capacitance of pin insulators would be some comparative 
figure, so that I do not think that with the removal of the series 
resistance of the wood pole, this very small fraction of the 
capacitance would have any effect whatever on the coefficient 
of induction between the transmission line and the telephone 

A. H. Babcock: Your attention is called to the fundamental 
requirements, not of any particular provision of the rules, but 
of the rules in general, namely: any switch, regardless of its 
type, its construction or method of its operation, that causes 
disturbances in the communication circuits, by those very 
disturbances renders itself objectionable, and any such switch 
that does not cause such disturbances is not objectionable. 
If only that point of view , can go home, much of the present 
unfortunate misunderstanding will be more easily removed. 
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OVERHEAD ELECTROLYSIS AND PORCELAIN 
STRAIN INSULATORS 


BY S. L. FOSTER 


Abstract of Paper 

There is a slight leakage of current from trolley wires to earth 
through insulated supports on all electrical overhead construc¬ 
tion, which if not checked permits a how of current which gives 
rise to electrical separation of water into oxygen and hydrogen. 

The oxygen liberated acts vigorously upon the adjacent metal 
parts, which in time become badly corroded. This electrolytic 
action also seems to remove the galvanizing from live metal 
parts before attacking the iron. A partial remedy for this 
rusting of live galvanized wire is painting. 

This electrolytic effect is also seen to take place over strain 
insulators where the creepage distance is insufficient. This 
indicates that a creepage distance proportional to the conditions 
met must be secured to stop the flow of current around the out¬ 
side of the insulators. The author concludes that, under fog 
conditions, the insulator surface exposed for creepage is in¬ 
sufficient in our present standard devices. 

Another form of overhead electrolytic action noticed in 
electric railway work is caused by use of dissimilar metals in con¬ 
tact. Sulphuric acid and other fumes in the air, and ozone from a 
nearby ocean, are. supposed to be the electrolytes that set up a 
local battery action at these points of contact. The logical 
remedy for this trouble is to use similar metal in contact. 

The paper then describes the troubles encountered in San 
Francisco due to these causes and the remedies which have 
been applied. 

/*"\N ELECTRIC railway construction in damp climates, and 
^ more or less in all climates,there is a slight leakage of current 
from the trolley wire to the earth through the insulated supports. 
This flow of current if unchecked produces the same results as 
usually follow the electrolytic separation of water into oxygen 
and hydrogen. Oxygen is liberated at the positive end of the 
insulating device or the end nearest the trolley wire and attacks 
the metal immediately adjacent to the insulation. In the case 
of galvanized iron the zinc covering or galvanizing is soon re¬ 
moved and the iron is acted upon vigorously by the oxygen. 

This effect is seen on the bolt or stud that fastens the trolley 
ear to the trolley hanger. The threaded lower etid will be found 
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badly corroded, even though it had been smeared with thick 
oil on installation, while the rest of the bolt is less rusted. The 
explanation seems to be that a leaking current in passing from 
the exposed part of the bolt around the outside of the insulation 
to the metal body, by which the span wire is attached to the 
trolley wire, electrolytically disassociates the oxygen and hydro¬ 
gen of the moisture present, the oxygen appearing at the positive 
pole and at once attacking the iron stud. 

The electrolytic action is also seen in the film of green copper 
salt that spreads from the head of the brass ear over the lower 
surface of the cone to the iron hanger in cap and cone construc¬ 
tion where exposed for long periods to moisture or salt spray, 
practically destroying its value as an insulator. 

Iron oxide or rust, as it is usually called, occupies 2.2 times 
as much space as the iron from which it was formed and this 
Continuous growth exerts a powerful lifting or heaving effect 
on the insulation above it. The progressive oxidation of iron 
results, in the case of the insulated bolt form of span wire insula¬ 
tion, in rupturing the enveloping material and gradually pressing 
the pieces further and further from the bolt, reducing the insula¬ 
tion resistance in proportion to the destruction of aontinuity of 
the enveloping insulating material, until the hanger becomes 
worthless as an insulator during wet weather. In the cap and 
cone form this oxydizing action results in splitting the cap in 
various directions and destroying its insulating value. In the 
cap this splitting of the insulating covering has been reduced 
by having the stud hot-dip galvanized before the insulation is 
pressed on it in the process of manufacture. 

In the strain insulator this creep age-electrolysis effect is also 
seen. A globe strain, for example, exposed in a damp climate 
a few months as the only insulation between an uninsulated 
curve hanger and the pole (even in the case of a wooden pole) 
will show a heavy ring of iron rust around the shank of the eye 
on the end of the insulator toward the trolley wire, and a white 
zinc efflorescence on the end tow r ard the pole while the interior 
upon crushing will be found to be clean and intact, its insulating 
conditions as good as ever and the galvanized surfaces bright 
and unimpaired. If time enough elapses this oxydation will 
split the spherical composition insulation open in cracks at the 
end toward the trolley wire. This seems to be due to simple 
electrical leakage over the three inches of surface of the insulator. 
It is too small to be measured with an ammeter and causes no 
hot poles nor opened circuit breakers. 
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With some forms of strain insulators this flow of current might 
be called “ sneakage 57 , as it occurs without outward sign through 
the interior of the device until the resistance has been broken 
down sufficiently to allow a clear path. In the case of a single 
insulator in the span wire there then occurs the phenomenon of 
a shocked lineman, a hot pole, a burned-off support or occasion¬ 
ally a dead-grounded feeder at the power house. As a safeguard, 
three of these expensive insulators are sometimes seen used in 
series at each end of a span wire. This is probably the best meth¬ 
od of increasing the creepage distance sought for, provided 
the insulation is proof against “ sneakage. 57 

There is another interesting phenomenon connected with this 
leakage of current along span wires and guys. The current seems 
to pass off from the exterior of the live wire, first removing elec- 
trolytically the galvanizing and then attacking the iron. In 
moist climates and especially where exposed to salt spray the 
“ extra 57 or “ double 55 galvanized strand, when used where 
leakage current along it is possible, rapidly becomes denuded 
of its zinc covering, gets red with rust, becomes pitted and quickly 
loses its tensile strength as if the wire, being positive to the earth, 
were discharging through the moisture of the atmosphere through¬ 
out its whole length. It may be claimed that this action is due to 
insufficient galvanizing or to local action from impurities in the 
iron of the wire. That it is chiefly due to an electrolytic action 
is shown by considering guy wires put up nearby at the same 
time and used where little or no current could pass along them, as 
in the case of an insulated drop guy between tw^o wooden tele¬ 
phone poles attached below the crossarms on each pole. Here 
the galvanizing though unpainted was unaffected by the elements. 

A partial remedy for this rusting of the live galvanized wire 
is painting, as is seen by considering the end of a guy wire where 
it was painted at the wrap around the iron pole and beyond. 
Where painted it w?-as not affected and was full size, although cor¬ 
roded badly where unpainted. This corrosion also occurs when 
bare copper is used for guys or spans and is alive unless these 
wires are oiled or painted. That the trolley wire does not 
show effects of this action is supposed to be due to its being pro¬ 
tected by a film of lubricant thrown upon it by the passing 
trolley wheels. 

These points seem to teach that it is not only the high insula¬ 
tion puncture and flash-over tests of the trolley wire devices nor 
the crushing strength of the composition that are important, 
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“ goose egg ” porcelain strain insulators. Disk insulators are 
heavier, more expensive and more liable to fracture from stones 
or wild trolley poles than the other kinds. 

All galvanized iron strand intended for over ea u 
nection with electric railway work is given y some 
two coats of linseed oil paint by dipping the wrre previoujy 
made up in coils of conveniently portable size, m a a ’ 

allowing the first coat to dry and dipping the wire a secondIt . 

It costs far less to apply the paint by immersion than with brush 
by men on ladders or tower-wagons after the wire * * P ■ 

A paint giving the best results is the ordinary pole paint made 
with linseed oil as a vehicle and a metal oxide as_a filler 

All joints made by the linemen in galvanized wires or cables- 
should be painted at least one coat. The zinc of the galvanmng 
is scraped off the wires by the pliers, and unless painted, local 
action begins at once. All overhead parts should be painted 
before being installed and when poles are painted all wire and 
all cable joints, strain insulators, etc., within reach of the painters 
should be covered liberally with paint. This linseed oil harms 
nothing, is a good insulator and is the best known metal preserva¬ 
tive. Local action will commence at once where the zinc 
covering has been abraded in handling the galvanized artic e. 
The covering of paint prevents this action from taking place 
by keeping the electrolyte from contact with the dissimilar metals 

in the injured surfaces. # , 

There is another form of overhead electrolytic action met with 
in wires used in electric railway work. This is caused by the 
use of dissimilar metals in contact. Galvanized iron cables 
attached to the brass eyes of curve hangers, of spherical strain 
insulators, etc., lead to rapid rusting off of the wire at the point - 
of contact. The sulphuric acid found in the air of cities from 
the combustion of coal, from the escaping fumes of chemical 
works, the salt spray and ozone from a nearby ocean, etc., are 
thought to be the electrolytes that serve to start a local battery 
action. This action probably explains some of the corrosion 
at the thread of the hanger bolt that results in loose hangers m 
the ears. 

The logical remedy for this is to use similar metals in contact 
galvanized iron cable with galvanized iron parts and copper 
or bronze cable with brass parts. The local action will then 
be a minimum. Applying a heavy oil to the thread of the hanger 
stud when screwing it into the brass ear is a palliative by neutral- 
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izing the electrolyte. As copper guy or span wires are more 
expensive than galvanized iron ones and do not withstand 
the blows from wild trolley poles as well, brass parts had better 
be replaced by galvanized iron ones for all overhead trolley work. 

It is logical to believe and difficult to disprove that some of 
the wasting away of the iron pole at the top of the concrete 
setting, that sometimes seems to defy the painters and is often 
charged to the dogs, may be due in part at least to electrolysis, 
the leaking current passing from the iron of the pole along 
the damp surface of the ground toward the rails. Exceptionally 
rusty pole bases in spite of usual attention from the painters 
should justify investigations being made into the condition of 
the insulation of the feed wire insulators, that in the span wire 
and that at the trolley ear. 

In San|Francisco these problems presented themselves early 
in electric railway experience and have been solved one after 
the other, producing not only improved conditions electrically 
but increased strength mechanically, reduced original cost, re¬ 
duced maintenance cost and both greater safety for the workmen' 
and greater rapidity of work. The first problem taken up was 
the electrolysis from the combination of the brass eye in the 
strain insulator and the galvanized iron strand. The galvanized 
strand corroded at an extraordinary rate in the brass insulator 
eye. This was remedied by having galvanized iron eyes used 
in the strain insulators in place of the brass eyes. Here there 
■were two gains. The iron eye was stronger than the brass eye 
and the galvanized strand lasted longer in the iron eye than dt 
did in the brass one. 

The second problem was the failure of the strain insulators 
due to the heaving action of the iron oxide at the positive end 
of the insulator, as already described. 

For long periods during the summer months the heavy salt 
fog lay on the land near the ocean and kept the surfaces of these 
insulators bathed in moisture. The growing oxide forced the 
composition insulation open in numerous crevices and when the 
first winter rains came there w^ere many hot poles reported on 
the system. The first rain storm of winter was a day to be dreaded 
by the linemen then. Between 1893 and 1901 every kind 

of strain insulator on the market was tried and found wanting_ 

mica, composition, globe, Brooklyn, etc. In 1901 a cheap glass, 
later displaced by a porcelain cubical or “goose egg”, strain 
insulator was adopted for all trolley work. Since then such a 
thing as a hot pole from a defective strain insulator has been un- 
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1. Single Link for Small Porcelain Insulator. 

2. Single Link, Small Insulator and Span Wire Installed on 

Pole Band. 

3. Double Link for Small Insulator. 

4. Double Link, Small Insulators and No. 0000 Stranded Copper 

Feed-in or Tap-off Cable Used as a Span Wire. 

5. Triple Link with Triangular Link for Large Insulators at 

Pull-Off or Strain Poles Used to Support Overhead Curves. 

6. Same in Position on Pole. 

7. Long Wood Strain Insulator Used on Fog-Exposed Loca¬ 

tions. 

8. Double Link and Large Insulators Used in Dead-Ending 

and Insulating 1,000,000-cir. mil Cable. 
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heard of during rain storms or at all. The creepage distance 
was no longer on the porcelain strain insulators, nor, in fact, 
half as long as on the globe strain insulators that were displaced, 
but the creepage current did no harm to the vitreous insulator, 
was entirely on the exterior of the insulator and when the rain 
came there were no crevices or exposed fibrous surfaces to ab¬ 
sorb moisture and facilitate leakage. The rain washed off the 
porcelain insulator and improved its insulating qualities if 
anything. 

Where there was little or no fog a single porcelain insulator 
was used at each end of the span wire. Where the fog was 
heavier or there was a feed-in cable from a feeder used as a span 
wire two insulators were used in series. On particularly exposed 
lines along the cliffs around the Golden Gate even two of these 
and of a larger size did not suffice, and long wood strains had to 
be substituted, but that story will come later. Recently a 
state law has been passed requiring a strain insulator two feet 
from each trolley wire in the span wire and one at each end of 
every guy wire or cable. The result of this will be at least two 
porcelain strain insulators between the trolley wire and the 
pole everywhere. • 

The porcelain insulators referred to are of two sizes. To save 
the linemen’s time and to improve the appearance of the over¬ 
head construction hot-dip galvanized wrought iron welded links 
were made for use with the porcelain insulators. These links 
seem to be as durable as the insulators and were made in the fol¬ 
lowing forms: single links for pole band attachment, double links 
for feed-ins at the pole or for feeder cable dead-ends, triple links 
with triangular bull-ring for curve pull-off poles. The links for 
the small insulators were made of f-in. and for the large ones of 
|-in. round Norway iron. The triangular bull-rings were made 
of f-in. steel. 

The essential information relative to the two sizes of porcelain 
strain insulators referred to is as follows: 



Small 

Large. 

Diameter. 

.. 2| in. 

3i in. 

Length.. 

. . 3| in. 

5 in. 

Width of grooves. 

.. i in. 

f in. 

Weight. 

.. H lb. 

3 lbs. 

Crushing test. 

.. 12,0001b. 

18,000 lb. 

Flash-over test, new, dry... 

.. 10,000 volts. 

30,000 volts. 

Color. 

.. Dark brown. ■ 

Dark brown. 

Cost each. 

.. 4f cents. 

23? cents. 
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The single link for the small insulator costs 10 cen'fcs 
the large one 15 cents. The smaller insulator is us< 
spans and guys except those under extraordinary strain 
dead ends for trolley wires, 1,000,000-cir. mil cables, et 
the larger one is always found amply strong. 

The method of use of these insulators insures inter'll 
the metal parts and maintaining of the conductor in "t 
case of fracture of the porcelain, which seldom occurs. 

Where composition strain insulators are used, and fare 
experience the linemen have learned to know that th 
trical sufficiency or insufficiency cannot be safely infers 
their external appearance, these men are accustomed to 
span wire before beginning work, by making a rapid < 
connection from the trolley wire to the span wire with tfcu 
handles of their connectors or gas tongs. 

With porcelain insulators in the spans such t,< 
never required nor made by the men, as a glance at the i 
is all that is necessary. If the porcelain insulator is in- 
must be intact and its insulation makes the span wire 
handle without danger of it proving to be connected to *fcl 
Its external appearance is satisfactory evidence of its e 
sufficiency. The linemen also save the time formerly- 
testing the insulation of the span wires. 

Further, there is little or no danger of the porcelain i: 
failing while the men are working on its span wire, ‘ 
old the insulator may be or however long it has been in. 
A rifle bullet, a blow from a stone thrown at it, or from 
trolley pole are the only causes of injury to these insula. 1 
with in our experience, and there are very few breakages i: 
hardly one-tenth of one per cent. 

During the great San Francisco fire of 1906, all the e:? 
composition strain insulators, and in fact, all composrti< 
head parts such as caps, cones, one-piece hangers,etc. 
up under the heat and went out of business as electrical ixis 
whereas most of the cheap porcelain strain insulators 
through the ordeal safely and were gladly used again in 
construction, as the stocks of overhead material in our stsc 
and those in the storerooms of all the local supply men In 
destroyed. 

The fact that these porcelain insulators in the span w: 
withstood the flames enabled the main crosstown line -tc 
in service in less than 24 hours from the time the confix 
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subsided. The new trolley wire was used tied to the span wires 
with the temporary construction wire ties only, the porcelain 
strains at each end of the spans furnishing sufficient insulation 
between the trolley and the iron poles until the lacking hangers 
and ears could be obtained from outside the city. 

From an ever-expanding fourteen years experience with porce¬ 
lain for all 500-volt d-c. electric railway strain insulator work, 
except extreme fog conditions, it has been proved in San Fran¬ 
cisco practise, where there is neither snow, ice nor sleet and but 
little lightning, that porcelain is the best material for the pur¬ 
pose. 

It is incombustible, nearly indestructible, invulnerable to 
atmospheric actions, requiring no original or subsequent pre¬ 
servative treatment, painting, testing or other attention, having 
higher compressive strength combined with small dimensions, 
protecting by the interlinking metal parts the conductors from 
falling, preserving the workmen from unexpected electrical 
shocks or waste of their time in determining the condition of the 
insulation by test, being cheaper to buy, costing nothing to main¬ 
tain and enduring forever as good as when new. 

The change in 1901 to porcelain as the exclusive material for 
strain insulator uses marked as important an advance in the art 
of keeping down the cost of maintaining the overhead construc¬ 
tion of the trolley lines in San Francisco as the advent of the 
clinched ear in place of the soldered ear did a few years later. 

The creepage distance from conductor to conductor on the 
smaller porcelain strain is only about f of an inch. On our 
ocean exposed line skirting the Golden Gate we used the larger 
insulator on which the creepage distance was 2 inches. This 
did not prevent the rapid corrosion of the galvanized support 
cables. 

In San Francisco fog practise, the size of the span wire has 
been increased from i to 5/16 to f inch and of guys from 5/16 
to f to | inch in order to lengthen the life of these cables. 

On this Cliff line the overhead strand lasted only about two 
years. When one large porcelain did not answer, two in series 
were tried on this wood pole construction. Then wood strain 
insulators five inches between heads were tried, only to have the 
iron heads corrode off rapidly. Wood strain insulators 15f 
inches between heads really seemed to increase the life of the 
galvanized strand, although the heads toward the trolley wire 
showed the characteristic electrolytic action and a heavy iron 






2136 


FOSTER: OVERHEAD ELECTROLYSIS 


[Sept. 17 


oxide quickly accumulated over the sherardizing, the insulator 
heads toward the pole remaining normal. 

We are now making homemade wood strain insulators 24 
inches between conductors that are expected to insure reasonable 
durability to these exposed “extra” galvanized cables which, 
it should be stated, had been painted two heavy coats of linseed 
oil paint by dipping, previous to being put in place, as is done 
with all the strand of all sizes that is used in the overhead work. 

These wood strain insulators last referred to are made of maple 
and boiled 24 hours and cooled off in linseed oil before being 
painted. They are in. thick, octagonal in section and pass a 
tensile strength test of 5000 pounds without showing any signs 
of distress. 

It should perhaps be made clear that the porcelain insulator 
is subject to the same limitations as to protective power, accord¬ 
ing to creepage distance, as other forms of strain insulation. 
Where this distance is insufficient for the fog conditions met with, 
the conductor on the positive or trolley wire side of the insulator 
will be gradually weakened by the electrolytic action already 
described. This progressive deterioration is always visible, 
however, in the porcelain insulator construction, and the failing 
cable is usually replaced by a sound piece before the span or guy 
breaks. An additional insulator or one with longer creepage 
distance can be inserted at this time if the conditions seem to 
justify it. 

In the absence of fog, this electrolytic weakening of the span 
does not become serious, and there are many cases in San Fran¬ 
cisco outside the fire zone of 1906, where the original single small 
glass insulator per span, and original span wire installed thirteen 
years ago, are still in use and in satisfactory condition. 
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Discussion on “Overhead Electrolysis and Porcelain 
Strain Insulators,” (S. L. Foster), San Francisco, 
Cal., Sept. 17,1915. 

L. W. Webb: This wire (samples of copper-clad wire were 
exhibited) has been used on radio antenna on shipboard, and 
has proved entirely unsatisfactory for this use. It lasts from 
three months to a year maximum, and often not as long as three 
months. When once installed and not taken down it lasts the 
maximum length of time; but if disturbed after being installed 
the individual strands are found to be broken throughout the 
entire length, and the least twist or kink breaks the completed 
wire entirely. Where installed close to the smokestacks on 
vessels the escaping gases cause rapid deterioration, and cases 
have been noted where the wire lasted only about two or three 
weeks. 

This wire being exposed to a salt air atmosphere in combina¬ 
tion with the gases escaping from the smoke stack apparently 
causes a very active chemical compound and the rupture of the 
outer copper casing, as these samples show. There are evidences 
of both chemical and electrochemical action. The high-fre¬ 
quency currents circulating only in the outer skin of the copper 
enclosing jacket apparently produce small amounts of 2 NO 2 
which in combination with H 2 0 would give HN0 2 plus HN0 3 , 
nitrous plus nitric acid, the nitric acid attacking the copper 
jacket and destroying it, allowing electrochemical action be¬ 
tween iron and copper and thus completing the destruction of 
the wire itself. Also, smokestack gases in combination with 
salt air, rain, etc., and the high-frequency discharges from 
antenna produce, it is believed, both HCL and HN0 3 , both of 
which attack copper very virulently. Under certain circum¬ 
stances it is believed it is possible to produce sulphuric acid also, 
but the action of nitric acid is believed to be the most plausible 
of all. 

The copper-clad wire is the only one ever used, as far as I 
know, that proved utterly unsatisfactory in such a short time. 
Before trying this copper-clad wire we used a wire made up of 
seven strands of 20 B & S silicon bronze wire and experienced 
very little trouble due to corrosion. The wire would, however, 
kink very readily, and when kinked would often break, but when 
properly handled no trouble was experienced. Since trying the 
copper-clad wire we are again using this silicon bronze wire. 

L. Addicks: I think Mr. Webb’s trouble in the case of the 
copper-clad wire due to the nitrogen of the atmosphere being 
oxidized by the discharge of the radio antenna,. which pits the 
copper, causing galvanic action with a salt solution for an elec¬ 
trolyte. The cell with an iron anode and copper cathode will 
very rapidly corrode the former. The problem is different from 
that presented in Mr. Foster’s paper, where we have no high 
voltages to deal with; but it seems that salt is largely the offender 
in furnishing the electrolyte. 
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I had intended to ask Mr. Foster why we could not calorize 
some of these connections with the idea of having aluminum in 
circuit to act as an anode. This would oppose the passage 
I of any current, just as it does in the rectifier, but I am afraid, in 

J the presence of the salt fog, the aluminum itself would be at- 

! tacked by the chlorine, and that leaves us worse off than before. 

J I suppose this salt fog is really ocean spray with considerable 

chlorine in it. I clipped from a newspaper the other day a 
reporter’s view of this action: 

“ The disintegrating action of electrolysis from the electricity 
in salt water and salt air has given yachtsmen a good deal of 
| trouble of various kinds. Aluminum utensils for example, 

were much used for a time in the table service of yachts, as they 
were light, stood rough wear, and looked almost as well as silver. 

; But it was presently discovered that overnight they became 

| covered with a fine powder due to the action of the electricity 

in the salt air.” 

S. L. Foster: We have not had much experience with alumi¬ 
num in this city because when tried twelve years ago on a small 
j scale near the Golden Gate it proved unsatisfactory in the salt 

| exposure. There was some small-sized bare solid alumi- 

j num wire put up around the cliff by the telephone company as 

an experiment. It broke after being up only a few weeks, 
v Upon examination it was found that this wire was badly tar¬ 

nished and broke off upon bending once 90 deg. between the 
fingers. It had become brittle since its exposure. This tar¬ 
nishing was probably due to the action of the chlorine content 
of the salt in the ocean spray. 

I Speaking of the copper-clad wire, I would state that under the 

i same conditions it went about as fast as the aluminum. The 

j electric battery action appeared here. I assume that the elec¬ 

trolyte was hydrochloric acid formed from the chlorine in the 
salt moisture. It was probably not nitric acid as there would 
not be enough stray voltage from a telephone line to produce 
n±tnc acid from the atmosphere. The iron salt formed burst 
| th ? copper covering open before the wire broke. You could see 

P ro & ress * ve a ction very clearly—-splitting off the copper 
|| sheath both ways from various centers. Lead-covered cables 

j; and insulated copper wire are now used in this exposed district. 

The manufacture of copper-clad wire has been abandoned 
j I understand. 

j Bare copper exposed near the ocean becomes covered with a 

greenish salt which I have assumed to be the oxy-chloride of 
copper. By others it has been called the carbonate of copper 
| 1 know of no analysis having been made of this salt. 

John B. Fisken: I had occasion not long ago to look up the 
t 1 °f guy wires over railroad tracks in connection with some 

rules that were being made up. I found that ordinary galvan- 

I lzed c ^ ble f tbat . had been UP many years over a railroad crossing 

were absolutely m as good condition as when put up. The tensile 
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strength was just as high, but I found that some of the span wires 
supporting the trolley wires, apparently of the same material, 
had a very short life. Where I come from we are something like 
300 miles from the sea, and at an elevation of 1900 feet, so, of 
course, there is no salt fog. The reason for this trouble I could 
not discover anywhere, but in reading Mr. Foster’s paper I 
concluded I probably had the solution of it. I presume that 
the smoke from the locomotives formed on the insulators would 
allow this leakage Mr. Foster speaks of, and the electrolytic 
effect of the direct currents on this wire is probably causing that 
wire to have such a very short life. I propose, when I go back 
home, to do a little painting or treating span wires, with oil to 
find out if that is the reason. 

S. L. Foster: In response to what Mr. Fisken spoke of, I 
would advise him instead of painting the spans to put in longer 
insulators. The action referred to is probably due to the forma¬ 
tion of sulphuric acid from coal burned in the locomotives, and 
that emitted with the steam and smoke, would coat the insulator 
with an effective electrolyte to begin action. 

John B. Fisken: The reason for the investigation was that 
very question—-it was claimed that the sulphur contained in the 
coal would deteriorate the guy cables. We have to use galvanized 
steel for guy cables; under the rules referred to it would not be pos- 
sibletouseit for conductors, which we frequently have to put out 
on country roads. I have not had any analysis made of the smoke, 
but believe there is a large amount of sulphur in it; but it seems 
to me that would attack the guy wire as much as the span wire, 
which it does not seem to do. There must be an electrolytic 
effect somewhere. 

John H. Finney: I do not know a great deal about Pacific 
Coast weather conditions and their effect on aluminum; but in 
the east, aluminum wire which has been up in perhaps the worst 
town in the east for atmospheric conditions, Charleston, South 
Carolina, has been up about 14 or 16 years, to my personal 
knowledge, and is in very good condition today. Apparently 
no change has taken place in the aluminum. The middle strand 
of the 7-strand cable is just as bright as the day it was put up. 
I appreciate that west coast conditions are not identical with the 
eastern conditions; they have not so much fog in Charleston, but 
have very bad atmospheric conditions, a heavily-laden salt 
atmosphere from the sea, and at times extremely dry heat. 
Other material on the railway line corrodes and goes to pieces 
rapidly. I am not defending aluminum when erected under 
wrong conditions, and perhaps our eastern conditions are radi¬ 
cally different from western conditions. There is a great deal 
of aluminum up on the Pacific Coast, of course, and I presume 
most of it is in satisfactory condition; certainly many of the big 
plants in California and elsewhere along the coast testify to its 
good qualities as long-distance transmission material, 

L. Addicks: Is it not a fact that the aluminum Mr, Finney 
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refers to as in use a long time is on high-tension transmission, 
where great care is taken to avoid a leakage condition? 

J. H. Finney: That is true,^there is practically no leakage. 

T. M. Stateler: I would ask if there is any particular leakage 
from the concrete poles of the San Francisco Municipal Railway. 

Paul L. Ost: We have not had any concrete poles in service 
a sufficient length of time to give us any real data upon them. 
However, we have had some experience in a certain class of 
construction very similar to that which Mr. Foster described. 
Out at our beach terminus, where we go within 200 feet of the 
beach, we have had occasion within the last six months to take 
down a portion of the construction which was up eighteen months 
only Where the strand wire was met by our own porcelain 
insulators we found all of the galvanizing was gone, and in most 
instances at least half of the strand wire had been eaten away. 
YV e had one particular case of a feeder span, where the copper 
was badly eroded close to the insulator. This loss of the gal¬ 
vanizing of the strand wire itself does not extend back any great 
distance from the insulator, possibly not over an inch at the most, 
which would indicate to my mind that it is an electrolytic action 
which is confined to the points where the current leaves the wire. 

I might also add that we have had an experience in this same 
neighborhood, with fire alarm conductors, which are weather- 
Pif 00 ?^ c ?PP er * The w ^ re was badly eaten off at the point where 
the tie wires are attached to the main line. I think possibly 
this was also due to the electrolytic action where the current 
leaves and goes down from the insulator. The potential in those 
cases would not possibly exceed 50 volts between the wire and 
the ground. 
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DELTA-CROSS CONNECTIONS OF TRANSFORMERS 

For Parallel Operation of Two- and Three-Phase 

Systems 


BY GEORGE P. ROUX 


Abstract of Paper 

Two methods of transformer connections, the tee-cross and 
the delta-cross, are described, with their application for parallel 
operation of two-phase and three-phase systems. 

An attempt is made to explain as clea-rly as possible the 
voltage, current and phase relations, and the dephasing action 
which takes place in each case. 

The delta-cross system of connections lends itself.to a great 
number of applications, either for the parallel operation of two- 
phase and three-phase systems or for the simultaneous supply of 
two-phase and three-phase power from one bank of trans¬ 
formers. It is to be noted that in this system of connections 
no special taps are required, except a 50 per cent tap on one 
transformer (usually easily obtainable), the compensation of 
one phase of the system being done externally by means of a 
small booster transformer. 

The simplicity of connections, the feature that no special 
transformers are required, and no special taps necessary, give 
the electrical engineer facilities to meet promptly and econo¬ 
mically the requirements inherent to two-phase and three- 
phase simultaneous distribution from only one transformer 
bank. 

I N THE merger and consolidation of electric properties into 
larger systems, the electrical engineer, in his task of 
rehabilitation and reorganization of the physical properties for 
more convenient and economical operation, very often finds two 
generating plants that could be operated in parallel, but un¬ 
fortunately, one has a two-phase and the other a three-phase 
generating equipment and distribution system. 

The changing of either one of the systems to conform to the 
other involves considerable expense and a great deal of work and 
inconvenience, besides introducing some delay in completing the 
unification. It may also be desirable to supply the consolidated 
system from one plant and keep the other plant as a reserve or 
standby, at least for some time until the erecting of a central 
power plant is warranted. 
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Under these conditions it is generally the practise to rewind 
the generators whenever this is feasible. This is quite an under¬ 
taking, usually interfering with the service, and is a useless ex¬ 
pense if the rewound equipment is only temporary. 

The parallel operation of two-phase and three-phase generators 
or of a two-phase and a three-phase system, or better yet the 
simultaneous distribution through four wires of twa-phase and 
three-phase energy, can be effected in a very simple and economi- 



Fig. 1—One Phase in Parallel 


cal manner, with no alteration or change in the mode of operation 
of the existing equipment, and at very little expense. 

Paralleling Two-Phase and Three-Phase Generators 

In this case we have two generators of the same voltage and 
frequency. Phase A of the two-phase generator is in phase with 
phase C of the three-phase generator, as shown in Fig. 1. These 
phases can therefore be connected to each other. 

Phase B of the two-phase generator is 30 degrees from phases 



Generator Generator 

Fig, 2—Paralleling Two-Phase and Three-Phase 
through Auto-Transformer 


D and E of the three-phase generator, and it is necessary to 
swing this phase from 90 degrees of phase A, 30 degrees one way 
and 30 degrees the other, that is, make this phase oscillate to 
keep it in phase with the two other phases of the three-phase 
generator. 

To perform this operation automatically, we interpose between 
the generators an auto-transformer consisting of two transform¬ 
ers, NT and T t each having a single winding, and connect the 
systems as shown in Fig. 2. 
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Each transformer has a 100 per cent winding, the main trans¬ 
former M is provided with a 50 per cent tap, and the other, 
the teaser T, with an 86.6 per cent tap. They are not connected 
in T but in the form of a cross, with the 86.6 per cent tap of the 
teaser connected to the 50 per cent tap of the main. 

The cross-connected auto-transformer will operate in the well- 
known manner of the Scott-connected transformer for phase 
conversion from two phase to three phase, and vice versa. The 
13.4 per cent of the winding of the teaser operates as an auto 
booster to balance phase B , which otherwise would be short 
13.4 per cent as only 86.6 per cent of its winding is utilized in 
phase conversion. 

Fig. 3 shows the two generators connected on a four-wire 
busbar, to which single-phase, two-phase and three-phase feeders 
are connected and can be fed, with either machine operating 
singly or both in parallel. 



Two-Phase 

Generators 


Auto- 

Transformer 


© 


2-Phase Single-Phase 3-Phase 

Three-Phase 


Feeders 


Generators 


Fig. 3—Parallel Operation of Two-Phase and Three-Phase 
Generators on Four-Wire Distribution Bus, through Auto- 
Transformer 


It is obvious that all phases are equally balanced, no matter 
which machine operates, as in the case of a Scott connection. 
The two machines can be located in the same engine room, or in 
different power houses some distance apart, their number and 
size being immaterial, provided they have the necessary charac¬ 
teristics for their operation in parallel. 

Quarter phase machines (that is, two phase-generators having 
their windings inter-connected) cannot be operated with this 
system, however, as the auto-transformer would short-circuit the 
phases. 

Parallel Operation with High-Tension System 
For the parallel operation of a two-phase and a three-phase 
generating plant with a system of higher or lower potential, 
the two-phase and three-phase generators operating in parallel 
as in the above case, and at the. same time in parallel with a sys- 
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tem of different potential, two other styles of connection can be 
used : 

T-Cross connection. By the addition of a high-tension wind¬ 
ing to the cross connected auto-transformers, as shown in Fig. 4, 
the three systems can be operated in perfect harmony and with a 
high degree of flexibility and independence. The diagram of 
Fig. 4 is also clear and simple enough, so requires no further 
explanation. 

Delta-Cross Connection. Another system is still more con¬ 
venient and advantageous. It consists of three transformers 
connected in closed delta, each transformer identical in size, 
windings and characteristics, and of a capacity corresponding to 
one-third of the requirements. No special taps need be provided 
except the usual 50 per cent taps to be brought out of one trans¬ 
former only. The three transformers are connected in delta, 


Mign lension 

System c ross Connected. 


Feeders 


,ross connected Generators 

Transformers 3-Phase 2-Phase Single 2-Phase 3-Phase 

--. mi .it. fv-v, _ ^ „ 


k-1-2 

Scott Connected 


/«? 

/ 


' 50 


Transformers 


Rsa 


01 


Fig. 4—Parallel Operation of Three-Phase Incoming or Out- 
Going High-Tension Line with Two-Phase and Three-Phase Gen¬ 
erators on Four-Wire Distribution Bus, through T-Cross-Con- 
nected Transformers 


as shown in Figs. 5 and 6, and a booster transformer having 
13.4 per cent the capacity and voltage of one phase of the two- 
phase system, is connected to the 50 per cent tap of one of the 
transformers, completing the delta-cross connection. 

The three delta-connected transformers, as per Fig. 6 behave 
like Scott-connected transformers through the 50 per cent tap 
of the mam, and both phases AB and AC are swung alternately 
30 deg. around; AD, the phase resultant of AB and A C, is 90 deg. 
to phase BC, but with a value of only 86.6 per cent for AB 
Adding outside of the delta DE, 13.4 per cent of phase AB 
makes phase AE of the same value in both voltage and capacity 
as each of the others. J 

The 13.4 per cent addition (whose capacity is only 6.7 oer 
cent that of the bank) is made to B C by using an ordinary pole 
type transformer connected so as to boost to the proper value. 
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Where potentials higher than 2300 volts are used in the two-phase 
system, a booster transformer with better insulation is naturally 
required. 

Tw r o-phase and three-phase current can be drawn from or put 
into the transformers connected in this style, and two-phase and 

High Tension Delta Cross 



Transformers 

Fig. 5—Parallel Operation of Three-Phase Incoming or Out¬ 
going High-Tension Line with Two - Phase and Three-Phase 
Generators on Four-Wire Distribution Bus, through Delta-Cross- 
Connected Transformers 

three-phase generators both operated in parallel and with the 
high tension system, with absolute security and flexibility with¬ 
out affecting the operation of any part of the system. 

Fig. 5 shows the practical operating conditions of such a sys¬ 
tem that has been in operation for four years with complete 
satisfaction, which consists of three 500-kv-a., 6600/2300-volt 



Fig. 6—Delta-Cross Trans- Fig. 7—Phase, Voltage and 
former Connection Current Relations of Two* 

and Three-Phase Systems 

transformers connected delta-cross. Another installation with 
three 100-kw., 6600/2300-volt transformers connected delta- 
cross has been operating under similar conditions for three 
years, paralleling two generators two miles apart. The two- 
phase generator has been replaced lately by a three-phase ma¬ 
chine of a larger capacity, and the two-phase apparatus on the 
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line has also been changed to three-phase. The three 100-kw. 
transformers have been kept in the plant and the only change 
made was the removal of the cross of the delta—that is, the small 
booster transformer, as there was no further use for the two-phase 
current. 

Three two-phase systems each 120 deg. apart, and one three- 
phase system, could be supplied through this style of connection 
requiring only six wires, as illustrated in Fig. 6, with each phase 
60 deg. apart; that is, a six phase system could be supplied and 
sub-divided again into six phases making a twelve phase system, 
each with a 30 deg. angle difference. 

The removal of one of the two teaser transformers of Fig. 5— 
that is, operating in open delta—would not interfere with the 
two phase transformation, except that the capacity of the bank 
of transformers would be reduced correspondingly. 

Should the two-phase system be abandoned later, the booster 
transformer can be removed and the bank operated closed delta 
in the ordinary way. 

The diagrams of Figs. 6 and 7 show the principle of the trans¬ 
formation of three-phase'to two-phase. ©The current of the teasers 
instead of coming to the middle of the main, enters the ends and 
leaves at the middle. A phase displacement of 30 deg. is effected 
or from 120 deg. to 90 deg. The phase so displaced, although 
having the proper angle, has not its original voltage value but 
only that of cosine of 30 deg. The complement is made through 
the booster transformer and is in phase with the phase boosted. 

The three-phase currents are not displaced or affected in any 
way. It is evident that the current circulates in the windings 
and distributes itself automatically according to the resistance 
of the exterior circuits, that is of the two-phase and the three- 
phase system. 

The applications of the systems of transformer connections 
described above, are practically unlimited, whether for per¬ 
manent or temporary installations. 

In the case of an isolated power plant supplying a two-phase 
system of distribution and later fed from a three-phase trans¬ 
mission line system, no changes are required to the existing local 
distribution system; and yet it can be gradually changed into a 
three-phase system, all new motor installations being three- 
phase. The motors of the old installations when replaced at any 
later time, can be changed to three-phase. The two-phase local 
generating plant can be operated any time without interfering 
in the least with the operation of the entire system. 
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A two-phase and a three-phase installation can be fed from 
one bank of transformers simultaneously, without mutual in¬ 
convenience. The 86.6 per cent tap on T- or Scott-connected 
transformers, can also be eliminated, as it is very often found 
difficult to provide for a tap of this value, which somewhat 
affects the internal stress of the transformer, while a 50 per cent 
tap is not objectionable. The eliminated complement of the 
86.6 per cent tap can be compensated outside of the transformer, 
so that one transformer has a 100 per cent winding and the other 
115.5 per cent thus restoring equilibrium in phase value. 

The theory of the phase transformation which takes place in a 
system of transformers connected cross-delta, as shown in Fig. 
6, is in a way similar to the dephasing action in T-connected 
transformers. The two-phase system is interlocked with the 
three-phase system, through one of their respective phases, which 
are in phase with each other. See Figs. 1 and 7. 

Voltage Relation 

Let us connect a three-phase system with a two-phase system 
of the same frequency and voltage, to three transformers having 
the same number of turns and the same impedance, and con¬ 
nected in closed delta as per Fig. 6, with a smaller transformer 
connected at D, midway between B and C; this transformer 
either to reduce or increase the terminal e.m.f. of line four_so 
that the e.m.f. applied between D and A is only equ:al to EV3/2 
= 86.6 per cent of the three-phase e.m.f. The resultant e.m.f. 
between B and A, and C and A, each 30 deg. from BA, will be 
86.6/ cos 30 deg. =' E; that is, equal to and in phase with 
the three-phase e.m.f. between lines one and two, and one 
and three. Between lines two and three, the e.m.f. of the two- 
phase line is equal to and in phase with the e.m.f. of the third 
phase of the three-phase, both phases being in phase and inter¬ 
locked. 

Conversely, if we apply a three-phase voltage to the above 
transformers, the resultant voltage on the two phase side would 
be E = 100 between B and C, or at terminals of line one; and 
E X 0.866 at A and D, or 86.6 to which the small transformer 
DE adds the complement of (E — cos 30 deg.) = 13.4; the ter¬ 
minal voltage of line four will again be 86.6 + 13.4 =T00 — E. 

If we remove transformer two or one, we will have an open- 
delta three-phase connection and still have the same voltage and 
phase relations between the two systems. 
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The addition of the appendix, DE, forming the cross of the 
delta, serves no other purpose but that of balancing the voltage 
in one phase of the two-phase system, which can be but 86.6 
per cent that of the three-phase system, the two systems acting 
as if the delta was superposed with a phantom inverted T-con- 
nection, of which 13.4 per cent of the upper end forms the ap¬ 
pendix at the middle base of the delta, and acts only in combina¬ 
tion with the short leg of the two-phase systems. 

Current Relations 

We have seen that one phase of the two-phase system is inter¬ 
locked with at least one phase of the three-phase system. The 
voltage and current of these two phases are therefore in phase, 
the voltages having the same value, but the currents differing by 
a constant ratio throughout the cycle equal to V 3 J 2 . 

The angular difference between each phase of the three-phase 
system is 120 deg. while only 90 deg. in the two-phase system. 
The respective angular position of each phase of both systems 
is shown in the crank diagram of Fig. 7. We therefore have 
phases I of each system in phase with each other, and phase IV 
of the two-phase system 30 deg. in advance, or leading phase II, 
and 30 deg. behind or lagging, and in quadrature with phase 
III, time rotating counter-clockwise. 

To have a better understanding of the dephasing operations 
which have to take place during one cycle or revolution, let us 
consider a three-phase system of 30-kw. and a two-phase system 
also of 30 kw., both connected to a circuit without inductance 
or capacity, each system to satisfy the following conditions: 

30kw.three-phase = El V% or 100 volts and 173.2 amperes per 
phase; 30 kw. two-phase = El + El or 100 volts and 150 
amperes per phase; that is, the current in each phase of the 
two-phase system differs V3/2 (or 0.866) with the current in each 
phase of the three-phase system, and is equivalent to 

ElVT 
2 E 

Connecting the primaries of three 10-kv-a. single-phase 
transformers in closed delta, as shown in Fig. 6, and omitting for 
the time being the secondary windings, these transformers can be 
considered as three auto-transformers with a ratio of 1 :1. 

These transformers are connected to the three-phase system, 
as indicated in Fig. 6, and in addition, we connect phase I of 
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the two-phase system at B and C, and phase IV at A and D , 
where D is equidistant from BC. 

Let us assume that only the two-phase generator is operated 
and that 30 kw. three-phase is required. 

We will have the phase relations of the combined system, as 
shown by the polar coordinates of Fig. 8, from which we see 
that phase I of the two-phase system is parallel and therefore 
in phase and in time position with phase I of the three phase 
system. 

Phase IV of the two-phase system is 90 deg. from phase I 
and exactly half way between phases II and III of the three- 
phase system; that is, leading phase II 30 deg. and lagging 30 
deg. and in time quadrature phase III. In all the diagrams we 
assume the independent variable, the time, rotating counter¬ 
clockwise. 

Taking the instantaneous values corresponding to time /, 
we have, as shown in Fig. 8, for the three-phase system: 

Phase I, i sin 90 deg. at maximum and carrying 173.2 amperes, 
Phase II, i sin 60 deg. and carrying 86.6 amperes, 

Phase III, i sin 60 deg. and carrying 86.6 amperes: 
and for the two-phase system 

Phase I, i sin 90 deg. at maximum and carrying 150 amperes, 
Phase IV, i sin 0 and carrying no current. 

Referring to Figs. 6 and 8, we see that the three-phase current 
flowing from 0 to T\ is 173.2 amperes, and is made up from 150 
flowing in phase I of the two-phase system from 0 through lines 
/, and passing into the transformers of Fig. 6 from B to C with 

150 

two resultants at 30 deg. in B A and C A. each of tt-— 

’ 2 cos 30 deg. 

= 86.6 amperes in phases II and III toward 0 of Fig. 8, making 
again a total of 86.6 + 86.6 = 173.2 from 0 to TV 

The current values and relations are also shown in crank 
diagram of Fig. 9, the dotted line showing the current in phase 
IV, which at that time is zero. 

Taking another time position, as for T 4 , where the current in 
phase I of the two-phase and three-phase systems is zero, we 
- have the following respective instantaneous values: 

For the three-phase system 
Phase I, i sin 0, carrying no current 
Phase II, i sin 30 deg., carrying 150 amperes 
Phase III, i sin 30 deg., carrying 150 amperes, 
and for the two-phase system 
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Phase I, i sin 0, carrying no current 

Phase IV, i sin 90 deg., carrying 150 amperes. 

Following Figs. 6 and 10, we see that the current flowing 
through r 4 has the same value, 150 amperes in phase II and 

III, and at that time it is at maximum, or 150 amperes in phase 

IV, flowing toward O and entering the transformers at A , through 
line 4, where it divides into two halves, each 75 amperes 30 deg. 

75 

apart, forming two resultants in A B and A C equal to--• 

^ cos 30 deg. 

= 86.6 amperes, with a resultant of (86.6 + 86.6) cos 30^ deg. 



Fig* 12 Pig. 13 Pig. 14 Fig. 15 

Figs. 8-15 —Polar and Crank Diagrams Showing Phase Relations 
and Current Values for Ti, T 2 , T 3 and T 4 


= 150 amperes in BC , flowing through T 4 of Fig. 10. The 
dephasing action is also shown in the crank diagram of Fig. 11. 
The current in phase I of the two-phase system at T 4) being 
zero, is shown in dotted line. 

The splitting and phase relation of phase IV is best shown in 
Fig. 10, where the shaded portion indicates the position of each 
half of phase IV after being dephased, and where one-half is 
shown in tune lag quadrature to phase III. The two halves are 
hinged at 0 in the polar diagram, or at A in the transformer con¬ 
nection, and open like a jaw 30 deg. each way as indicated. 
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If we now take time T 2 , we have the following conditions— 
shown in Fig. 12: , % 

For the three-phase system 

Phase I, i sin 30 deg,, carrying 150 amperes. 

Phase II, i sin 30 deg., carrying 150 amperes. 

Phase III, i sin 0, carrying no current. 

And for the two-phase system 

Phase I, i sin 30 deg., carrying 129.9 amperes. 

Phase IV, i sin 60 deg., carrying 75 amperes. 

At r 2 we have different conditions in the two-phase system: 
75 amperes in phase IV in series, and 90 deg. from 129.9 amperes 
in phase I. The resultant of these two currents is 150 amperes, 
as indicated in the crank diagram of Fig. 13, which flow in phases 
I and II of the three-phase system by Ta, current in phase III 
being at zero. 

At r 3l we have the identical conditions that we had at T 2 , 
except that the current is at zero in phase II, instead of in phase 
III, as shown in Figs. 14 and 15. 

For any other time position during the cycle, the same de¬ 
phasing process takes place automatically, with the same current 
relations and values corresponding to each angular position of 
the combined system. 

The total power of each polyphase system is: 
for the two-phase system, 

ElV 3 ,ElV 3 = 2 ElV 3 = pr Vs 
2 2 2 

and for the three-phase system, 

y I cos 30° + Y I cos 30° + E ~ I = El Vi 

Voltage and Phase Transformation 

Adding a secondary winding of any given ratio of turns to the 
transformers of Fig. 6, and assuming that only half of the total 
30 kv-a. of the bank is used in the feeders, requiring no voltage 
transformation, the other half or 15 kv-a. can be used at a higher 
voltage, the voltage transformation taking place in the ordinary 
way in the secondary windings of the transformers, which can be 
connected either delta, open-delta or star, or any other convenient 
way. The system is necessarily reversible, and power of a higher 
voltage can be transformed to a lower voltage and dephased at 
will. 
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This system of transformer connection lends itself to a great 
number of combinations and answers practically all service 
requirements. 

We might mention that it is possible to wind armatures of 
alternators with a cross-delta connection of Fig. 6, and supply 
two- and three-phase currents from the same generator. This 
style of winding can also be applied to motors which would 
operate with two-phase or three-phase current at will, without 
alteration of the external winding connections. 

In both cases the auxiliary winding necessary to complete the 
delta-cross would be supplied outside of the machine, through 
a small transformer. 


1915] 


DISCUSSION AT SAN FRANCISCO 


2153 


Discussion on “Delta-Cross Connection of Transformers” 
(Roux), San Francisco, Cal., Sept. 17, 1915. 

E. E. F. Creighton: This double connection of two-phase and 
three-phase is a great convenience where so many of the systems 
in the country are being changed over from two-phase to three- 
phase. There are certain disadvantages in the two-phase sys¬ 
tem, notably the greater number of surges which occur. With¬ 
out analyzing the difference, we give it recognition practically 
by the fact that in a two-phase system of the same voltage as a 
three-phase system, we have to use more gaps in series in the 
multi-gap arrester. 

W. A. Hillebrand: This connection described by Mr. Roux 
has been used by the Pacific Gas & Electric Company for at 
least ten years. 

A case came up, three 100-kw. transformers wherein 
the unbalancing of the two-phase load came to as much as 
12 per cent, leading to very considerable distortion, and by 
rearranging connections the transformation unbalance was 
reduced from 12 per cent to If. . 

There is one other point I would like to speak of in con¬ 
nection with Mr. Roux’s analysis of currents that flow in the 
different windings. He has omitted altogether the effect of the 
regulation of the leading and lagging currents. 

L. F. Blume (by letter): The transformation of power from 
three-phase to two-phase or vice versa has been a subject for 
discussion from time to time ever since the T transformer con¬ 
nection was introduced. Since then a host of transformer 
connections has been proposed to accomplish the same purpose; 
but in spite of all these proposals there have been but few 
changes from the original method, undoubtedly due to the fact 
that the T connection, in addition to being the simplest of all, 
at the same time is a very efficient method, and very little room 
for improvement was left. 

Mr. Roux in his very interesting paper shows how the T-con- 
nected auto-transformer has been practically applied to the inter¬ 
connection of two-phase four-wire, voltages and three-phase 
voltages, in which the two-phase and the three-phase voltages are 
equal. „ This problem being a particular case of a general proposi¬ 
tion, the general solution maybe of interest. Figs. 1,2, 3, herewith, 
give the general solution for the four-wire two-phase system, and 
Figs. 4, 5, 6, the general solution for the three-wire two-phase 
system (three-wire L connection). The figures are self-explana¬ 
tory, and the equations give the currents flowing in sections 
a, b, c, d, of the windings in terms of the two-phase current 
I, the three-phase voltage £, and the two-phase voltage E". 

In general, seven wires are needed to operate the T connection 
and six wires to operate the three-wire L connection, but, by 
choosing the proper ratio of transformation, these wires may be 
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reduced to four. In the T connection this ratio (two-phase line 
voltage divided by three-phase line voltage) is unity, and 0.707 
in the three-wire L connection, the former being the case dis¬ 
cussed by Mr. Roux and shown in Fig. 3 of his paper. 

Whetherthe “ delta-cross ” connection as described and shown 
in figures 5, 6, 7, of Mr. Roux's paper is preferable to the T 
connection would depend entirely on the particular case in¬ 
volved. Referring to Fig. 5, of his paper, it is evident that for 
three-phase to three-phase transformation, it is a simple delta- 
delta connection. Therefore, if the major load were a three- 
phase load, this connection would be very desirable and prob¬ 
ably more efficient than the T connection, but if the major load 
were two-phase, the T connection would be superior, since for 
three-phase to two-phase transformation, the delta-cross con¬ 
nection is not very efficient. 

Moreover, there are several disadvantages of delta-cross 
connection which Mr. Roux has not mentioned. First, the 
winding with the 50 per cent tap must have the two halves inter¬ 
laced with respect to each other, so that the two-phase currents 
v hich flow in one direction in the one half and in the opposite 
direction in the other half may not introduce undue reactance 
dro P\ Second, just what the relative capacities of the three 
transformers should be, depend upon the division of the currents 
within the transformers. This, how r ever, cannot be worked out 
without presupposing a definite power factor of load. On the 
assumption that the load power factor in the two-phase and three- 

phase circuits are entirely independent, it is possible to have cases 

w here the current in any given winding due to the two-phase 
™ * n P hase Wlth the cun-ent due to the three-phase load, 
lms being the case, each winding should be designed for the 
numerical sum of the tw^o-phase and three-phase currents. 
Only when the power factors of the two loads are definitely 
known, wxmld it be safe to use smaller units. On account of 
these limitations it is doubtful whether transformers unless 

thfs connectiS ed ^ PUrP ° S6 C&n b ® economicall y used for 

An article in the General Electric Review of Sept. 1912 gave 
a ^neral solution for a large number of cases of thes? connections 

V * <* the object of my paper was to present to the 

members of the Institute the benefits of the experience acquired 

H "" Uti 'P h ,“ e Of distribution pi 

without undue complications, to supply two-phase 
and three-phase energy simoltaneously through only fouriirS 

“Je tao 0 sed S1 hfii a t” k ° f These iquirern™ 

were imposed by existing conditions pending changes in dis 

tnbution lines and equipment that could be Lade only in the 

course of time so as to standardize the system to a three-phase 

?vt Stand - by ■“*“* ■£*» how! 

This problem was solved very successfully with the use of 
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the delta-cross system of connection and subsequently applied 
to a number of" other similar cases with equally satisfactory 
results. 

Although Mr. Blume entertains technical doubts as to the advis¬ 
ability of this system of connections and also as to its efficiency, 
I wish to offer as an evidence, a 1500-kv-a. bank of transformers 
—not even specially designed for this purpose, although with 
windings sufficiently interlaced so as to have the same ratio 
of impedance, a feature that we now expect in all transformers 
of modern construction—which has been in successful opera¬ 
tion now for four years supplying with light and power part 
of a city of 50,000 inhabitants, and it is worthy of note that 
in so far as regulation of either the two-phase or three-phase 
circuits and efficiency are concerned, this system of connection 
has exceeded all expectations. 

Numerous tests made under different operating conditions 
of loads and power factors leave no doubt as to the efficiency 
and convenience of this method of connections for cases where 
two-phase and three-phase currents must be supplied. 
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HARMONICS IN TRANSFORMER MAGNETIZING 
CURRENTS 

BY J. F. PETERS 
Abstract of Paper 

The purpose of this paper is to show in a concise manner the 
cause and effects of higher harmonic currents in magnetizing 
currents of transformers. 

A hypothetical case is analyzed to show the cause of the 
harmonics; then the schemes of connecting transformers that 
are commonly used for polyphase transformation are taken up 
and the effects of the harmonics on each case pointed out. 

The author also shows the reason why third-harmonic volt¬ 
ages are not developed in the three-phase “ core type ” trans¬ 
former when connected star-star. 

I T IS well known that the higher harmonics in the mag¬ 
netizing currents of transformers under certain conditions 
of operation produce badly distorted voltage waves. In general, 
the methods used to show the causes of these higher harmonics 
and the distortions which they produce have been rendered ob¬ 
scure by rather complex mathematics. The object of this 
paper is to present the problem in a more simple form with¬ 
out any complex mathematics so that the general principles 
involved may be understood with a minimum of effort on the 
part of the reader. Those points that require a special study 
are more thoroughly discussed in an appendix. 

The permeability of sheet steel used in the construction of 
electrical apparatus changes as the magnetic flux density in¬ 
creases so that the rate of variation of the latter is less than 
that of the magnetizing current producing it. The induced 
voltage in the secondary and also the counter electromotive 
force in the primary of a transformer are proportional to the 
rate of change of the magnetic flux enclosing these windings. 
The rate of change of a sine function is a sine function 90 de¬ 
grees later in time phase. Therefore, to produce a voltage 
having a sine wave, the rate of change in the magnetic flux 
also must be a sine wave. 

On account ojE the change in permeability of the iron at 
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different flux densities, the magnetizing current producing a 
sine wave of magnetic flux cannot itself be a sine wave. It 
has been found by analysis that the magnetizing current of a 
transformer producing a sine wave of voltage has a consider¬ 
able third harmonic component. It also contains the higher 
odd harmonics (5th, 7th, 9th, etc.), but to a much less degree. 

That the magnetizing current must contain a comparatively 
large third-harmonic component is shown by the following: 
A comparative!}' small current is required for the first part of 
the magnetic flux cycle, the density being low, while as the 
maximum flux density is approached a much larger current in 
proportion is required. Therefore, the current wave necessary 
to produce a sine wave of flux will be peaked. There will be 




only one^ peak per half cycle corresponding to the maximum 
flux density, and this peak must be made up largely of a har¬ 
monic that has but one maximum value, in the proper direc¬ 
tion, per half cycle of the fundamental. The third harmonic 
has one and one-half cycles per half cycle of the fundamental 
and it is so located that its one maximum occurs a little later 
than the fundamental maximum. The other two maxima 
of the third suppress the fundamental in the first and last part 
of the half cycle. If some harmonic higher than the third had 
a considerable magnitude, the result would be that two maxima 
per half cycle would be produced in the magnetizing current. 
This could not produce a sine wave of voltage. 

In Fig. 1, a represents the magnetizing current of a trans- 
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former. It is the resultant of a component at fundamental 
frequency b, a third harmonic component c , and a fifth har¬ 
monic component d. The magnitude of c is 40 per cent of the 
fundamental, and d is 10 per cent of the fundamental. The 
harmonics higher than the fifth were neglected for simplicity. 

The magnetizing current of a transformer does not contain 
any even harmonics. This is obvious from the fact that the 
plus and minus half waves of a complete cycle of magnetizing 
current are the same. That is, it takes the same value of cur¬ 
rent to magnetize the core in one direction as it does in the 
other. Therefore, all the harmonics as well as the fundamental 
must at the beginning of the second half cycle be of the same 
value but in the direction opposite to that at the beginning of 
the first half. Only odd harmonics will satisfy this condition. 

While the fundamental passes through § cycle, the third 
harmonic passes through If cycles and the fifth harmonic 



through 2J cycles, etc. All odd harmonics end with an odd 
number of J cycles and are therefore in the same relative posi¬ 
tion, but in the direction opposite to that at the beginning of 
the first half cycle. If the magnetizing current does not con¬ 
tain all of the harmonics necessary to produce a sine wave of 
voltage, then the voltage will contain those harmonics which 
the magnetizing current lacks, and possibly more. For ex¬ 
ample, when the magnetizing current does not contain the 
necessary third-harmonic component, the induced voltage con¬ 
tains a third-harmonic component. 

A convenient means of showing the effect of changes in the 
shape of a magnetizing current wave is to plot the hysteresis 
loop and from this and the modified wave of magnetizing cur¬ 
rent construct the magnetic flux wave. The hysteresis loop 
corresponding to the magnetizing current wave shown in Fig. 1, 
(, a ), is plotted in Fig. 2. The abscissas OA, OB, OC, etc., in 
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the hysteresis loop equal the corresponding ordinates O'A', 
0'B\ O'C', in the magnetizing current wave. The wave shown 
in dotted line is the resultant magnetic flux wave. The method 
of construction is obvious from a brief scrutiny of this figure. 

By following the same methods in Fig. 3, it is shown that 
when the magnetizing current is a sine wave, the magnetic 
flux is not a sine wave but is of the shape indicated by the 
dotted line. The magnetic flux wave for this figure was con¬ 
structed from a sine wave magnetizing current and the hy¬ 
steresis loop. 

The analysis of this flux wave (see Appendix) gives a funda¬ 
mental component of 17.62 sin (0 — 0.8 deg.), a third harmonic 
component of 3.9 sin (30—5 deg.) and a fifth harmonic com¬ 
ponent of 2.2 sin (50 — 24.3 deg.) where 0 is the time angle 
in degrees and 0.8 deg., 5 deg. and 24.3 deg., are the angles at 
which the fundamental, third and fifth respectively lag behind 



the composite wave. This composite wave also contains odd 
harmonics higher than the fifth, but they are not taken into 
consideration here as previously stated. 

The voltage produced by the magnetic flux shown in Fig. 3 
is proportional to the rate of change, that is, the differential 
of the composite magnetic flux wave. The differential of this 
wave gives for the fundamental 17.62 cos (0 - 0.8 deg.), for the 
third harmonic component 11.7 cos (3 6 - 5 deg.), and for the 
fifth harmonic 11 cos (5 6 - 24.3 deg.). It will be noted that 
the third-harmonic component of voltage for the above case 
with a sine wave of exciting current is 65 per cent as great as 
the fundamental and that the fifth-harmonic component of 
voltage is 62.5 per cent as great as- the fundamental. 

In practically all schemes of connecting transformers for 
transmission purposes, the proper composite exciting current 
is supplied, m which case large higher harmonic voltages are not 
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developed in the windings. In a comparatively few cases, 
however, it is not possible to draw the proper magnetizing cur¬ 
rent and consequently in these cases the higher harmonic volt¬ 
ages do exist. An effort will be made in the following to show 
how the magnetizing currents are supplied for the different 
schemes of connections and types of transformers and where 
harmonic voltages will appear. 

The most frequent scheme of connecting transformers is three 
single-phase units connected into a three-phase bank in delta 
on the low-voltage side and in star on the high-voltage side. 
Assume that a bank so connected is used to step the voltage 
down, and that the magnetizing currents for each of the three 


units are as indicated by Fig. 1 (a). The magnetizing currents 
then for each phase contain, in addition to the fundamental, 
a third- and a fifth-harmonic component. Since the trans¬ 
formers are connected in three-phase relationship their voltages 
are 120 degrees apart and, therefore, their magnetizing currents 
are 120 degrees apart. The magnetizing currents for the three 
units are shown in their proper phase position in Fig. 4(a). 
The three leads feeding the bank carry the current both to 
and from the transformers and, therefore, the resultant of the 
current in the.leads must at all times be zero. But the result¬ 
ant of the magnetizing currents for all three units in this case 
is, as shown in the appendix to this paper, 1,2 sin (3 6 — /? 3 ), 
where /? 3 is the angle at which the third harmonic component 
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lags behind the composite wave. This resultant is not zero; 
therefore it will be seen that not all of the magnetizing current 
for this connection can be supplied through the three leads. 
The resultant current is shown dotted in Fig. 4 (a), which is 
obtained by combining the three waves. 

It will be noted that this resultant current is at triple the 
fundamental frequency and that its magnitude is three times 
as great as the third harmonic component of magnetizing cur¬ 
rent for each phase. If the other higher harmonics of the 
magnetizing current had been taken into account (7th, 9th, 
11th, etc.) in the above analysis it would be found that they 
all would be drawn from the line except the third and odd 
multiples of the third (9th, loth, etc.). Therefore, the neces¬ 
sary third-harmonic component and its multiples to produce a 
sine wave of voltage must be supplied in some other manner 
for this scheme of connections, since they cannot be drawn 
from the line. 



Fig. 5 
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In Fig. 4, (6), at 1, 2, and 3 are plotted the third harmonic 
components of the magnetizing currents for the three phases 
in their proper phase position with respect to the composite 
waves shown in the same figure at (a). It will be seen that 
these third-harmonic currents are all in the same direction at 
corresponding points. In Fig. 5, which is the star-delta scheme 
of connection, the arrows indicate the instantaneous directions 
in which the third harmonic currents should flow in the primary 
or star side. Since the third harmonic currents of all three 
phases are in phase with each other they have no return path 
in a star-connected circuit, therefore they cannot flow. Con¬ 
sequently third-harmonic voltages will be generated due to the 
absence of the third-harmonic currents. These voltages are 
all in the same direction since their components of the magnet¬ 
izing currents are all in the same direction. 

The generated or induced third-harmonic voltages appear 
in both the primary and secondary windings, but the delta- 



1915] PETERS:. TRANSFORMER CONNECTIONS 2163 

connected secondary forms a closed local circuit for its third- 
harmonic voltage. Consequently, a third-harmonic current 
will circulate around this circuit and produce a third-harmonic 
magnetic flux wdiich will cut both the primary and secondary 
windings. This flux will generate in both windings a counter 
third-harmonic voltage approximately equal and opposite to 
the one caused by the absence of the third-harmonic current in 
the primary. This results in cancelling all of the third-har¬ 
monic voltages, except that due to the reactance of the trans¬ 
former which is generally so small that it is of no consequence. 

It is evident from the foregoing that the third-harmonic com¬ 
ponent of the magnetizing current for a bank of transformers 
connected star-delta is supplied by a circulating current in the 
closed delta. If the units forming the bank require different 
values of third-harmonic currents, then, since the circulating 
current is the same in all three phases, one or two phases will 
be over-supplied with this component of current while the other 



Step Un Step Down 

Fig. 6 


phases will be under-supplied. This will result in inducing a 
third-harmonic voltage of small value in all three phases. 

It would be found by a similar analysis that the 9th and 
15th harmonic currents and all odd multiples of the third are 
supplied by a circulating current in the secondary, while all 
other odd harmonic currents are drawn from the line. The 
magnitude of this circulating current is such that when it is 
multiplied by the secondary turns the product is equal to that 
of the required harmonic current in the primary multiplied by 
the primary turns. That is, the magnetomotive force is the 
same whether supplied by the primary or by the secondary, 
therefore the star-delta connection relieves the primary of a 
part of the magnetizing current and adds it to the secondary. 

If this bank be fed by another bank of transformers con¬ 
nected in star on the secondary side with its neutral grounded, 
then grounding the neutral of the step-down transformer bank, 
as shown in Fig. 6, produces closed circuits in the star-con- 
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nected side through which the third-harmonic component of 
the magnetizing current can flow. These circuits for each 
phase consist of one line, the windings in each bank connected 
to this line, and the earth. The third-harmonic current car¬ 
ried by the ground connection is the sum of the third-harmonic 
currents in the three star-connected phases. With this con¬ 
nection a part of the third-harmonic component of the mag¬ 
netizing current will circulate around the closed circuit in the 
delta connected secondary and a part will be drawn from the 
line using the earth as a return. The division of current be¬ 
tween these two circuits depends upon their relative imped¬ 
ances. The difference in the magnitude of the third-harmonic 
currents required for the different phases of the bank, so con¬ 
nected, will be supplied through the grounded neutral. If the 
neutral of the secondary of the step-up transformer bank is not 
grounded then grounding the neutral of the step-down bank 



Transformers 


Fig. 7 

will have no effect on the distribution of the third-harmonic 
component of the magnetizing current. 

If a star-delta bank of transformers is fed directly by a star- 
connected generator and the neutral of generator and bank of 
transformers are connected together as shown by Fig. 7, then 
if the generator contains a third-harmonic voltage, this voltage 
will cause an additional third-harmonic current to circulate 
in the transformer and generator windings. The magnetizing 
current for this scheme of connections will be supplied in'the 
same manner as when the source of supply is a bank of trans¬ 
formers with their secondaries connected in star, with its neutral 
grounded, as well as the neutral of the step-down bank, but 
the third-harmonic voltages of the generator are impressed on 
the transformers between line terminals and neutral. 

The third harmonic voltages from the different phases of 
the generator are all in the same direction since the generator 
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voltages of fundamental frequency are 120 degrees apart, and 
therefore, the third-harmonic voltages 3 X 120 or 360 degrees 
apart. These voltages are impressed on the primaries of the 
transformers, which in turn induce corresponding voltages in 
the secondaries. The secondaries being connected in delta, 
their windings and connections between phases produce a closed 
local circuit for the induced third-harmonic voltages, conse¬ 
quently a third-harmonic current will circulate. The magni¬ 
tude of this circulating third-harmonic current is determined 
by the total third-harmonic voltages of the generator and the 
combined impedance of the transformer bank and generator. 

This current may be of considerable magnitude, for example: 
Assume that the normal output of the bank of transformers is 
small as compared with that of the generator, which is often 
the case when one generator feeds a number of independent 
lines, each having its own transformer bank. In such cases the 
generator impedance may be negligible when compared with 
that of one bank of transformers. Assume further that the 
generator has 10 per cent inherent third-harmonic voltage in 
each phase and that each transformer in the bank has 4 per 
cent inherent impedance at fundamental frequency, then at 
triple frequency the total impedance per phase will be approxi¬ 
mately 3X 4, or 12 per cent; consequently, a third-harmonic 
current of 10/12 = 83 per cent of the normal transformer full 
load current will circulate in the primary and secondary of each 
transformer in the bank. The paths for these circulating 
currents on the generator side are over the line between gen¬ 
erator and transformer terminals, through the transformer 
primaries, and back to the generator through the neutral con¬ 
nections. The current carried by the neutral connection will 
be the sum of the three currents in the phases. On the second¬ 
ary or delta side of the transformer bank, the third-harmonic 
current will circulate around the circuit produced by the trans¬ 
former windings and the connections between phases. 

If the bank of transformers had been connected delta-delta, 
the magnetizing currents would have been supplied in a similar 
manner, except that a part of the third harmonic current would 
circulate in the primary local circuit and a part in the second¬ 
ary, divi din g up in inverse proportion to the impedance of the 
two windings. If the bank had been connected delta-star, all 
of the third-harmonic magnetizing current would have cir¬ 
culated in the primary local circuit. 
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With the bank connected star-star as shown by Fig. 8, the 
third harmonic component cannot flow, since it cannot be drawn 
from the line and there is no closed local circuit in which it can 
circulate. Consequently, a third-harmonic voltage will appear 
in both primary and secondary windings between the neutral 
points of the bank and the lines. 

Since the third-harmonic component of magnetizing currents 
are in the same direction in all three phases, and the voltage 
produced by a magnetizing current is 90 degrees later in time 
phase, it follows that the third harmonic voltages are in the same 
direction in all three phases. The neutral point of the bank, there¬ 
fore, does not remain at zero potential but oscillates around 
the zero point at triple frequency. The voltages of the star- 
star-connected bank are represented in Fig. 9 by means of the 
crank diagram. The three fundamental voltages are repre¬ 
sented by the vectors A h B 1 and C h -which are 120 degrees 




apart. The neutral of the three-phase vector is located on 
the end of the third-harmonic voltage vector. There is only 
one third-harmonic vector, since the third-harmonic voltages 
ot all three phases are in the same direction and, therefore, 
coincide. The voltage waves are constructed in the usual 
manner by rotating the radial vector in the direction indicated 
by the arrow, and projecting points out to corresponding points 
of time on the time angle axis, the third-harmonic vector, of 
course, being rotated three times as fast as the fundamental. 
The wave shown from 1 to 2 is that of the neutral point. From 
1 to 3 are the composite waves of all three phases. 

The voltage between Hnes, say A to B, Fig. 8 is the voltage 
from 0 to A, minus the voltage 0 to B, therefore, the voltage 
between hnes A and B is the difference between wave A and 
wave B m Fig. 9. This voltage wave is shown dotted. It 
be noted that this resultant is a sine wave and that it is 

6 per cent of the fundamental in either phase OA or OB 
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Therefore it is evident from the above that, although there 
are third-harmonic voltages in the phases of a star-connected 
bank, they do not appear in the line. They do, however, pro¬ 
duce extra stresses in the insulation of transformers. 

If the primary neutral point of the bank is grounded and the 
secondary neutral of the step-up bank is not grounded, these 
third-harmonic stresses will appear between coils and ground. 
Also, since the neutral point is pulsating or rotating around the 
zero point, it is obvious that the whole system is made to pul¬ 
sate above and below ground an amount equal to the third- 
harmonic voltage in the phases. This may be of a dangerous 
value from the standpoint of charging current and also from 
the standpoint of static disturbances in neighboring communica¬ 
tion lines. From the standpoint of charging current, let us 
assume that the third harmonic voltage is 50 per cent as great 



Fig. 9 


as the phase voltage of fundamental frequency. Then, since 
it is at triple frequency the charging current due to it will be 
3X50 or 150 per cent as great as that produced by the same 
voltage at fundamental frequency. 

The third harmonic voltages in a star-star connected bank 
of transformers can be eliminated by providing a small winding 
in each phase and connecting these windings in delta. The 
third harmonic magnetizing current will then circulate in this 
winding in the same manner, and due to the same cause, as it 
does in the secondary of a star-delta connected bank. If the 
neutral point of the star-star connected step-down bank of 
transformers is grounded on the primary side, and the neutral 
of the step-up bank is grounded on the secondary side, as 
shown by Fig. 10, then there is a complete circuit through 
the lines and neutral connections for the third-harmonic com- 
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ponent of the magnetizing current and consequently the third- 
harmonic voltages will be eliminated from the transformers. 
This will of course eliminate electrostatic induction but the 
three triple frequency currents in phase in the lines and re¬ 
turning in the earth may cause electromagnetic disturbances 
in neighboring lines. 

Transformers are sometimes connected in open delta or “ V ” 
for three-phase transformation. This scheme of connection is 
shown in Fig. 11 (a). The manner in which the third harmonic 
components of the magnetizing currents are supplied is very 
similar to that of the delta-connected bank. The phase voltages 
of fundamental frequency are 120 degrees apart, and therefore 
the third-harmonic components of the magnetizing currents are 
3 X 120, or 360 degrees apart. That is, they flow in the same 
time phase, as indicated by the arrows. With this connection, 
unlike the conditions with a closed delta, the third harmonic 
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component of the magnetizing current is drawn from the line 
through leads A and C and, therefore, must pass through the 
impedance of the line and generator or source of supply. Con- 
sequently there will not be quite sufficient third-harmonic current 
and a third harmonic voltage will exist in the phases. In most 
cases these third harmonic voltages are of small value and of 
little or no importance. 

•Pig- 11 (b) shows a three-phase-two-phase connection mag¬ 
netized from the three-phase side, and at 11 (c) is shown a 
three-phase T-connected bank. In both of these cases the 
magnetizing currents for the transformers are 90 degrees apart 
in time phase, and therefore, the third-harmonic currents are 
3 X 90 or 270 degrees apart. With these connections lead A 
carries the magnetizing current for one phase and B and C the 
magnetizing current for one phase plus one-half of the current 
from the other phase combined at 90 degrees; that is, Vl -f 0.5 2 = 



1915] PETERS: TRANSFORMER CONNECTIONS 2169 

113 per cent of the current for one phase. In these connections 
like the F, the third harmonic current flows through the im¬ 
pedance of the line. Therefore, a small third harmonic voltage 
may exist. • 

The foregoing considerations were based on the banks being 
made up of single-phase units connected for polyphase transfor¬ 
mation. If the three phase-banks consisted of three-phase units 
of the so-called “shell form,” the conditions with respect to mag¬ 
netizing currents and higher harmonic voltages would be sub¬ 
stantially the same as for single-phase units connected in the 
same relation. In the three-phase shell form of construction> 
the magnetic circuits for the three phases are built up as one unit. 

The electrical connections for the 
middle phase are reversed as shown 
in Figs. 5 (a) and 8 (a), so as to place 
the magnetic flux of this phase 60 
degrees from the fluxes of the phase 
on either side. The object of this 
reversal is to decrease the neces¬ 
sary area of the magnetic circuit be¬ 
tween phases. Each phase of the 
unit has a magnetic circuit com¬ 
pletely surrounding it and conse¬ 
quently there are no interchanges of 
magnetomotive forces from one phase 
to another. But if the three-phase 
banks consist of three-phase units of 
the core type construction, the 
conditions with respect to magnetizing currents and higher 
harmonic voltages in the star-star-connected bank are con¬ 
siderably changed. 

With the latter type of construction the magnetic circuit 
for the three phases are mutually connected, in that the 
magnetic flux of any one phase has its return path through 
the other two phases. Now since the magnetic fluxes go and 
return through the same three cores it is evident that the 
resultant of the three fluxes in any one direction must at 
all times be zero. But, if there are any third-harmonic voltages 
in the phases due to the absence of the third-harmonic magnet¬ 
izing currents in the star-star-connected unit they are induced 
in the same direction in all three phases and, therefore, their 
third-harmonic magnetic fluxes are all in the same direction. 
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This would require that the third-harmonic flux return outside 
of the cores through high-reluctance paths. They would conse¬ 
quently be of very small value. 

It would appear from the above that third-harmonic voltages 
which are due to the absence of the third-harmonic component 
of magnetizing currents in the star-star connection are prevented 
in the three-phase core form units by the high-reluctance return 
paths of the third harmonic magnetic fluxes. But this is not 
strictly true; what really happens is that the deficit in magneto¬ 
motive force in parts of the cycle in each phase is supplied by the 
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other two phases. Fig. 12 
shows three magnetomotive 
force waves 1, 2, and 3, 120 
degrees apart, (a) is the re¬ 
quired wave of magnetomo¬ 
tive force to produce a sine 
wave of magnetic flux, (b) is 
the third-harmonic compo¬ 
nent of the required magneto¬ 
motive force wave, and (c) 
is the magnetomotive force 
wave that is drawn from the 
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me t is wave ( a ) minus wave ( b ). Referring to point m, it 
Will be seen that (c) in 1 is lacking sufficient magnetomotive 
orce, while 2 and 3 at the same point have a surplus of mag¬ 
netomotive force. Consider this point on the cycle to be such 
as to have a magnetic flux up through core A in Fig. 13 and 
down through B and C. The extra magnetomotive force tending 
to produce the surplus of flux down through B and C will be 
expended m supplying the deficit up through A, A being 
t e return path for B and C. In this way there is an interchange 
of magnetomotive forces between phases, which results in the 
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production of sine wave of magnetic flux and, therefore, sine 
wave of voltage in all three phases. 

APPENDIX 

In analyzing the magnetic flux wave of Fig. 3, the first half 
of the cycle was divided into 15 parts and the heights of the y 
ordinates for the different parts were measured. These measured 
values together with the time angle and its sine and cosine values 
are given in Table I, II and III. Table I gives the data for the . 
fundamental component, Table II for the third harmonic and 
Table III for the fifth harmonic component. The first column 

TABLE i. 


MAGNETIC WAVE ANALYSIS FOR FUNDAMENTAL COMPONENT 


0 

y 

Sin 6 

Cos 0 

y sin 0 

y Cos 6 

0. 

0 . 

0 . 

1.0 

000 

0.00 

12. 

8.7 

0.208 

0.978 

1.81 

8.51 

24. 

11.7 

0.407 

0.914 

4.76 

10.70 

36. 

13.0 

0.588 

0.809 

7.64 

10.51 

48. 

13.9 

0.743 

0.669 

10.20 

9.30 

60. 

14.65 

0.866 

0.500 

12.70 

7.32 

72. 

14.9 

0.951 

0.309 

14.18 

• 4.60 

84. 

15.0 

0.995 

0.105 

14.92 

1.57 

96. 

14.9 

0.995. 

-0.105 

14.82 

- 1.56 

108. 

14.65 

0.951 

-0.309 

13.92 

- 4.54 

120. 

14.2 

0.866 

-0.500 

12.30 

- 7.10 

132. 

13.8 

0.743 

-0.669 

10.26 

- 9.25 

144. 

13. 

0.588 

-0.809 

7.65 

-10.50 

156. 

12. 

0.407 

-0.914 

4.88 

- 10.95 

168 

10.6 

0.208 

- 0.978 

2.20 

- 10.36 

180 




7.5/132.24 

- 1.75 -5-7.5 = —0.234 





17.62 



contains the time angles, the second column the y ordinates 
corresponding to the time angle in column 1. Column 3 con¬ 
tains the sine and column 4 the cosine of the time angles. Col¬ 
umns 5 and 6 are the products of the sines and cosines respec¬ 
tively of the time angle and the y ordinates. Columns 5 and 6 
are added and their sums divided by 7|. The quotients give 
the respective sine and cosine components of the separate har¬ 
monics. 

From Table I, the fundamental wave is made up of 17.62 
sin 9 — 0.234 cos 9 = 17.62 sin (9 -0.8 deg). 

From table II, the third harmonic component is made up of 
3.88 sin 3 9 — 0.343 cos 30— 3.9 sin (39-= 5 deg.) ? also from Table 
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III, the fifth harmonic is made up of 2 sin 56 — 0.905 cos = 56 
2.2 sin (56 -24.3 deg.) 

The resultant of the magnetizing currents of three phases 


TABLE II. 

MAGNETIC FLUX ANALYSIS FOR THIRD HARMONIC COMPONENT 


6 

y 

Sin 3 6 

Cos 3 e 

y sin 3 9 

y cos 3 6 

0. 

0. 

000 

+1.000 

0.00 

000 

12. 

8.7 

+0.588 

+9.809 

+ 5.10 

+ 7.00 

24. 

11.7 

+0.951 

+0.309 

+11.12 

+ 3.61 

36. 

13.0 

+0.951 

-0.309 

+12.40 

- 4.02 

48. 

13.9 

+0.588 

-0.809 

+ 8.19 

-11.25 

60. 

14.65 

0.000 

-1.000 

0.00 

-14.65 

72. 

14.9 

-0.588 

-0.809 

- 8.78 

-12.02 

84. 

15.0 

-0.951 

-0.309 

-14.30 

- 4.65 

96 

14.9 

-0.951 

+0.309 

-14.20 

+ 4.60 

108 

14.65 

-0.588 

+0.809 

- 8.60 

+11.80 

120 

14.2 

0.000 

+1.000 

0.00 

+14.20 

132 

13.8 

+0.588 

+0.809 

+ 8.10 

+11.10 

144 

13.0 

+0.951 

+0.309 

+12.38 

+ 4.01 

156 

12. 

+0.951 

-0.309 

+11.40 

- 3.70 

168 

10.6 

+0.588 

-0.809 

+ 6.23 

- 8.60 

180 




7.5/29.04 

3.88 

-2.57 4-7.5= -0.343 


TABLE III. 


MAGNETIC FLUX ANALYSIS FOR FIFTH HARMONIC COMPONENT 


9 

y 

Sin 56 

Cos 59 

y sin 56 

0 

0.00 

000 

+1.00 

0.00 

12 

8.7 

+0.866 

+0.50 

+ 7.52 

24 

11.7 

+0.866 

-0.50 

+10.20 

36 

13.0 

000 

-1.00 

000 

48 

13.9 

-0.866 

-0.50 

-12.05 

60 

14.65 

-0.866 

+0.50 

-12.70 

72 

14.9 

000 

+1.00 

000 

84 

15.0 

+0.866 

+0.50 

+13.00 

96 

14.9 

+0.866 

-0.50 

+12.90 

108 

14.65 

000 

-1.00 

000 

120 

14.2 

-0.866 

-0.50 

-12.30 

132 

13.8 

-0.866 

+0.50 

-11.90 

144 

13.0 

000 

+1.00 

0000 

156 

12.0 

+0.866 

+0.50 

+11.22 

168 

180 

10.6 

+0.866 

-0.50 

+ 9.18 

7.5/15.07 

2.0 


y cos 5 0 


000 
+ 4.35 

- 5.85 
-13.00 

- 6.95 
+ 7.37 
+14.90 
+ 7.50 

- 7.45 
-14.65 

- 7.10 
+ 5.90 
+ 6.50 
+ 6.00 

- 5.30 


-6.78 4-7.5 = -0.905 


120 degrees apart when the current of each phase is made up of 
1 sin (6 - 00 + 0.4 sin (3 B- 00 + 0.1 sin (5 9 - 00 is as 
follows: 
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Fundamental Third harmonic Fifth harmonic 

Phase A, 1 sin (0 — 0i) + 0.4 sin (3 0 - 0 3 ) + 0.1 sin (50 - 0&). 

Phase B, 1 sin (0 — /Si + 120) + 0.4 sin (30 - 0 3 + 360) + 0.1 sin (50 - 06 + 600) 
Phase C, 1 sin (0 - 0i + 240) + 0.4 sin (30 - 0 3 + 720) + 0.1 sin (50 - 05 + 1200) 

First adding the fundamental, 

sin (0 - /Si) + sin { (0 - 0i) + 120 } + sin j(0 - 00 + 240} = 
sin (0 — 0i) — § sin (0 — 0i) + 0.866 cos (0 ~ 0i) — h sin (0 ~ 00 — 

0.866 cos (0 - 00 = 0. 

Adding the third-harmonic components, 

0.4 sin (30 - 0 3 ) + 0.4 sin {(30 - 0 3 ) + 360 } + Q.4 sin j(30 - 0s) + 720} = 

0.4 sin (30 - 0 S ) + 0.4 sin (3 0 - 0 3 ) + 0.4 sin (30 - 0 3 ) = 1.2 sin (30 - 0 3 ) 

Adding the fifth-harmonic components, 

0.1 sin (50 - 05) + 0.1 sin {(50 - 0s) + 600} + 0.1 sin {(50 -0 b) + 1200} = 

0.1 sin (50 - 0 5 ) - 0.05 sin (50 - 0 5 ) “ 0.0866 cos (50 - 06 - 0.05 sin (50 - 0s) + 
0.0866 cos (50 - 0 6 ) = 0. 

Therefore, the resultant for the three phases is equal to 

1.2 (30 - 0 3 ). 
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Discussion on “ Harmonics in Transformer Magnet- 

^ ING Currents” (Peters), San Francisco, Cal., Sept. 
17, 1915. 

^ D. L Cone: In the paper by Mr. Peters there is discussed 
die case ol a bank of receiving transformers supplied over a 
line ^energized b} r another bank. It is stated that if the line 
biaes oi the banks are connected in star and their neutrals 
grounded, a path is furnished for third harmon'c currents, in 
phase m the three line-wires. 

desirable to further examine the conditions governing 
die third harmonic current in the lines; especially since in 
ig. o of the paper, there is inconsistency among the arrows 
purporting to represent it. 

Consider first the case where both banks are connected star- 
star with neutrals isolated. The fundamental induced e.m.f 

effect^ tlTlfnT 637 ? Pf recei Y ing bank > is, neglecting the 
e m f practl ^ lly e q ua l and opposite to the induced 

Tif/V th -1 corresponding transformer of the supply bank 

induced'third transforme f similar in cha?LL ?he 
induced^ third harmonic e.m.fs. m the two banks will also 

be praci.ica.Uy equal and opposite in phase. Hence grounding 
the line-side neutrals will not cause a third haStonfc current 

the C1 earth e s£ceTh h ^ tW ° bai T’ the wires in P arallel and 
current h thk f fl( i h T ls K no ^ esul t a ut e.m.f. to cause such a 
Ground if at hfr -N other Y lse pictured as follows: 

tthfvfn g / h 1 1 me ' slde neutral of the supply bank causes 

Lanier flat fnTvTn'™ t0 ground to be^isforted in such 

ma f letizin § current is required 
counter e mi g transformers in ord cr to induce the necessary 

acSrisGfk'amfnfTh? 6 ’ Wher ? there are differences in char- 

t f To da b me P al indU V lit 

Su S1iS a f, y hiS P S !dmatdi ' <44 m PW, ttS 

neutral currents This d efffT° m f e ‘ mis - causing circulating 
than a cumStive one 1S ’ Wv6r ’ * differe utial, rathe? 

monic potential differed ^rom^ounT* 3 !?at e at i e a y ar ' 

z c^sr, c L f eT,r b e ■*4 th 4S‘£ h P s 

cunrem, the two transfer^er banks opehtTngas'liSdt. neUtr ? 1 
generators nr parallel p crating as third harmonic 

where the stSSde XdKS TS 1 ,^ f ° r the Case 
are connected in delta In this P transformer banks 
harmonic circulating currents in thp P resence of third 

lessens the third hfrmonic voltage on thTy 11 ge ? eral » greatly 

Ano, h , r caS e whici oc^ri i Xre tS'sSSH' 5 ', • 

netted star-star, and the receiving b Z In Z ' 
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case, grounding the line-side neutrals affords a path for the 
third harmonic magnetizing current of the star-star bank 
through the line-wires, the line side of the star-delta bank and 
the earth, for the star-delta bank is short-circuited to currents 
in phase in the three line-wires. The case is the same if supply 
and receiving banks are interchanged. It is shown in Fig. 10 
of the paper. 

The effectiveness of the third harmonic current in reducing 
the third harmonic induced voltage depends on its phase. If 
the third harmonic current is leading, it tends to accentuate 
the third harmonic voltage rather than to decrease it. This 
reaction is discussed in some detail in the Proc. A. I. E. E., 
May, 1914, by Mr. Blume. 

It seems worth while in this connection to plead for a careful 
distinction in usage between the exciting current and its com¬ 
ponents, the magnetizing cur¬ 
rent and the energy current, 
in quadrature and in phase, 
respectively, with the im¬ 
pressed voltage. 

H. S. Osborne (by letter): 
A determination of the dis¬ 
tribution in three-phase sys¬ 
tems of the third harmonic 
components in the magnetiz¬ 
ing currents of transformers 
or of other harmonic com¬ 
ponents of the magnetizing 
currents, is facilitated by the 
method of analytical treat- 
Fig. 3 ment given below. 

It is customary for convenience in computations to represent 
transformers by H networks representing the equivalent one- 
to-one transformers. This is illustrated in Figs. 1 and 2, in 
which the transformer of Fig. 1 having a voltage ratio of K 
to 1, is represented by the network of Fig. 2, where the imped¬ 
ances are all referred to the high-voltage side of the transformer. 
The series branches of the H are merely the primary and sec¬ 
ondary leakage impedance, and the bridge is the mutual in¬ 
ductance, or more accurately, the mutual impedance. 

The behavior of any harmonic component of the magnetizing 
current can be computed by assuming the component to arise 
from the occurrence of a generator in series with the bridge 
impedance, as shown in Fig. 3. The voltage E of the fictitious 
generator is the component of this frequency in the terminal 
voltage of the transformer when the corresponding component 
of the magnetizing current is totally suppressed. The mutual 
impedance N for the component under consideration is the 
ratio of voltage E to the current I of the same frequency which 
would flow in the magnetizing current if it had no external im¬ 
pedance to overcome. 


Lj|m|L 2 (High. Sidex 


Fig. 1 (Voltage Ratio 1:K) 


K®Lj-KM 

■— 9 000000 9 - 


l 2 -km 

-~ 3 onoodOS — 


Fig. 2 
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With any external primary and secondary impedances c and 
d the current flow of the particular component and the cor¬ 
responding primary and secondary terminal voltages are approx¬ 
imately as follows: 


II 

(i) 

• _ r J2 

2-2 — 1 - 

(2) 

y 

_ T? yn c 

y c + a 

(3) 

.. _ r?yn d 

V2 — JtL J , 7 

y d + b 

(4) 


where a and b are primary and secondary leakage impedances. 

1 

y * N 


yi 


i 

a + c 


y * = T+d 

y = yi + y 2 + y n 

These equations are of particular interest applied to the 
third harmonic component of the magnetizing current of three- 
phase banks of transformers. The equations apply to one 
transformer of the bank. The different usual connections give 
the following special equations: 

(1) Delta-Delta. 

In this case c and d are both zero, and I divides between the 
primary and secondary inversely as a and b, the leakage im¬ 
pedances. 

(2) Delta-Star. 

In this case c = 0 

The voltage on the star side on open circuit (per transformer) 
is approximately 
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and this regulates through the impedance of approximately 

z = a + b (®) 


(3) Star-Star 
Equations ( 1 ) to ( 4 ) apply. 

If the primary side is non-grounded, c becomes nearly in¬ 
finite and the open-circuit voltage on the other side is 

E 2 = E ( ? ) 

and the voltage regulates through an impedance 

z = N + b = N approx. (8) 

The use of these equations can perhaps best be illustrated 

by an example. . « , 

In the case of grounded star windings, impedances c and a 
are impedances per wire between the power line and ground, 
and for transposed lines are three times the impedance between 
the three wires of the circuit in parallel and the ground. The 
approximate magnitudes of this impedance for a typical high- 
tension line, free from grounds at the distant end, is given m the 
following table for distances which are different fractions of a 
wave length. The impedances are computed for 180 cycles, 
assuming 4/0 line conductors. For other sizes of wire or for 
other frequencies the magnitudes would vary somewhat, but 
the general range and particularly the variation in angle is 
typical for the given fractions of wave lengths. 


TABLE I. 


Fraction of 
wave length 
in sixteenths 

Length, Miles 

Impedances 
per wire 

(3rd) 

180 cycles 

(9th) 

540 cycles 

(15th) 

900 cycles 

1 

53 

18 

11 

60 — j 2,400 

2 

105 

35 

21 

40 — j 1,000 

3 

158 

53 

32 

35 — j 400 

4 

210 

70 

42 

40 — j 0 

5 

263 

88 

53 

55 +i400 

6 

315 

105 

63 

150 + j 1,000 

7 

368 

123 

74 

440 + j 2,300 

8 

420 

140 

84 

13,300 +j 0 


For lengths less than a sixteenth of a wave length the im¬ 
pedance is largely determined by the capacity between line 
wires and ground, and is roughly inversely proportional to the 
length of the line. 
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transformer connections 


made fortte'S'££ S' '^tious have been 

fo T<tUT the f&SZSm.? *’° 60 - cyde trans - 
LffiJill! / 3 °£ MlbSS.r ,t,,Se - 

pent of toWtaSK^ "S,"'*”. W equals 5 p£ 
impedances (a and 5) is in ner p» n t ;i \ e . r ® sis tance of leakage 

and of the values of line imoedanrl , e use _°f these assumptions 
lated in Table II, in'Sft Table 1 axe tabu- 

sion side of the transformers 1 ^ t0 the bigh-ten- 


Voltage of transformer. 


table II. 


Kw. capacity. .33,000 . 

Full load current. .. 


6,600 


E . 

/. 

N . . 

a = b ~ . 

... 20,000 -f- j 400,000 ohms 


Delta-grounded star 
e 2 . 



Length of line to resonate. 

At resonance f '2 



V 2. 

Star-grounded star 

z .... 




Leno+Ti f i* -20,000 + j 400,000 _ 

Length of line to resonate 

At resonance h . 0 • 3 m ^ e - • - • 

02 . . . ampere. 

~ " --———— .. volts... 


• 500 -f- jl 0,000 

.About 15 miles 

.. amperes 

.90,000 volts. 


phase bank. It should be noted that th f< f?T ° f the three - 
ground is three times the third jJ—f ^ total curren t in the 
In these cases it” to be M S’^ ven a bove. 
star connection the third harLoniJ tnTf 1 * th ® delt a-grounded 
onance effects are not dangerous to thl gGS produced by res- 
considerable fraction of an an^pere oAhfrdT syste . ms ’ b ut a 
may be caused to flow in the f i b ? d barm °mc current 

oases to cause distuneS£rSSf 18 in Some 

results accord with umprui t nearoy telephone circiuts. These 

the author did^otTav^teKf 1106 ’ ft is su PPOsed thl? 

writing the statement that the thfrd l nductl0n in ™nd when 
these conditions is “generJv J ^j TT C ■ Current under 
quence.” generally so small that it is of no conse- 

been a^dlhat oSyZ 


same 
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results can of course be obtained with both windings grounded, 
taking account of the line connected to both line windings, and 
reducing the whole to equivalent impedance referred to the 
high-tension side. The figures indicate that under the condi¬ 
tions assumed, dangerous resonance voltages could be produced 
with certain lengths of line, particularly with large transformers 
and moderate voltages. With very high voltages and small 
capacity transformers there would be relatively little likelihood 
of dangerous resonance effects with the third harmonic when the 
high-tension side of the transformer was connected to a line 
of reasonable length. Of course resonance effects might be 
obtained by the combined action of lines connected to the 
primary and the secondary, one having a positive and the 
other a negative reactance. 

The author speaks of a line with grounded star transformers 
at each end. Under these condition's the third harmonic e.m.fs. 
in the two banks of transformers will frequently tend to oppose 
each other. If they were equal in magnitude and opposite in 
phase, no third harmonic current would flow at a point in the 
line midway between the transformer banks, and the distri¬ 
bution of third harmonic from each transformer bank would 
be the same as though the line were open at the middle. 

The writer has not had an opportunity to subject the analyt¬ 
ical method suggested above to the test of experiment. It is 
submitted in this form, however, in the hope that it will be put 
to that test by some one who can conveniently obtain the neces¬ 
sary information regarding the transformer characteristics. If 
the primary and secondary leakage impedances and the mutual 
impedance do not vary so rapidly with changing conditions as 
to invalidate the method, it should be of very material assistance 
in the analysis of phenomena, such as those discussed in Mr. 
Peters’s paper. 

L. P. Ferris: In the paper by Mr. Peters, in discussing the 
effect of the third-harmonic delta-circulating current of a delta- 
star bank of transformers, it is stated that this results in the 
cancellation of “all the third-harmonic voltages except that 
due to the reactance of the transformers.” It would be more 
accurate to include also the resistance component, as well as 
the leakage reactance of the windings. This omission is doubt¬ 
less made because the resistance is generally very small in 
comparison with the reactance. The author goes on to state 
that the voltage corresponding to this reactance drop in the 
delta “is generally so small as to be of no consequence.” From 
the standpoint of inductive interference it is perhaps stating 
it too strongly to say that this voltage is of no consequence. in 
cases of parallelism between power and telephone circuits for 
considerable distances. 

Regarding inequalities in the units forming a bank of delta- 
star connected transformers the statement is made that the 
circulating current is the same \Xk all three units. One is led 
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to infer from this that there can be, no third-harmonic flow 
between any of the units and the line on the delta side. This 
case appears somewhat analagous to the open-delta case con- 
sidered later on in the paper. In the latter case there is, ot 
course, a third-harmonic current in two of the line conductors. 
In the case of the closed delta with inequalities among the 
several units there would be an adjustment of magnetizing 
current among the three units which would require a small 
flow of third-harmonic into the line conductors to compensate 
in part for the inequalities. As compared with the open-delta 
case, this third-harmonic current would, of course, be very small. 

The author discusses the condition where the neutral on the 
high-tension side of a bank of star-star connected receiving trans¬ 
formers is grounded and the secondary neutral of the step-up 
bank isolated. For this case the paper states that the third 
harmonic stresses will appear between, the coils and ground. 
(These stresses will be graded, increasing to a maximum for 
the coils adjacent to the line terminals.) The statement, is 
then made that “since the neutral point is pulsating or rotating 
around the zero point, it is obvious that the whole system is 
made to pulsate, below and above ground, an amount equal 
to third harmonic voltage in the phases.” The “zero point 
referred to by the author is not specifically defined. The most 
natural point of reference, and one most generally used in dis¬ 
cussing such problems, is the earth. If the earth is, in this case, 
taken as the zero point it should be obvious that the neutral 
point of the receiving bank of transformers, which I assume 
is the bank referred to in the discussion, remains at all times 
at the potential of the earth or zero point of reference. It is 
for this reason that the whole system is made to pulsate at 
third harmonic voltage Were this neutral point itself to pul¬ 
sate, which it would do if isolated from, ground, the whole 
system would not pulsate at third-harmonic voltage but would 
remain at practically ground potential in so far as the third 
harmonic was concerned. In this case the third-harmonic 
stresses increase to a maximum at the neutral point. This is 
quite easily pictured, for with the neutral isolated we have as 
the external circuit for the third harmonic, the capacitance to 
ground of the three line conductors in parallel, in series with 
the capacitance of the neutral point to ground. For any 
operating system there is little doubt that practically the entire 
third harmonic voltage will appear between the neiural point 
and ground with an inappreciable amount between line con¬ 
ductors and ground. I have seen this amply demonstrated 
by tests, were experimental evidence needed to confirm this 
conclusion. 

A small tertiary delta is recommended for star-star con¬ 
nected transformers to eliminate the third-harmonic voltages. 
Undoubtedly such a winding will greatly reduce the third- 
harmonic voltages, but one must take exception to the use of 
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the word ‘.‘eliminated.” The degree of elimination will depend 
upon the impedance of this tertiary delta. 

With reference to the circulation of third-harmon : c current 
between grounded star-star and star-delta transformer banks, 
it is stated that this will be sufficient to “eliminate” the third- 
harmonic voltages and thereby “eliminate” the corresponding 
electrostatic induction in neighboring lines. ^ I must again take 
exception to the use of the word “eliminate.” ^ The third- 
harmonic voltage may under such conditions cause interference, 
particularly if a parallel occurs near the star-star end of the 
line. It should be noted also that this condition favors maxi¬ 
mum electromagnetic induction. With both banks in star- 
star, as pointed out by Mr. Cone, the third-harmonic e.m.fs. 
are in series opposing (not strictly so if the connecting line is 
long). This condition favors maximum electrostatic induction 
together with some electromagnetic induction if the line con¬ 
necting the two banks of transformers is of any considerable 
length. Connecting the two banks in delta-star gives the mini¬ 
mum electrostatic and electromagnetic effects. In this refer¬ 
ence only straight delta-star or star-star connections are con¬ 
sidered. 

In general, it should be noted that wdiereas for the purposes 
of Mr. Peters’s paper it is perhaps unnecessary to take into 
account* the reaction of the. lines upon the third harmonic 
currents and voltage it is very important to consider the line 
reactions in any study concerned with the inductive interfer¬ 
ence caused by triple harmonics in grounded neutral systems. 

N. S. Diamant (by letter): Mr. Peters does not make clear 
the fact that starting with a sine wave of flux, the induced 
voltage will be sinusoidal, but not so with the impressed voltage 
unless the resistance drop is negligible compared to the re¬ 
active drop. 

He seems to attribute the distortion of the exciting current 
to the variable permeability but soon he introduces the hysteresis 
loop and the well known graphical methods. Now starting 
with a sinusoidal flux and assuming the resistance drop to be 
negligible, the distortion of the current will be found to be due 
fundamentally and primarily to the saturation curve and it is 
easy to see that in this case when the fundamental current wave 
is zero, i.e., 

'Ifund ~ 0 

*e = maximum, and 

0 = 0 

and consequently when the flux wave passes through zero all 
the higher harmonics of currents, 4, will add up to zero. . If 
there is only the third harmonic, then it will be in phase with 
the fundamental. What the hysteresis does mainly, is, that 
it necessarily shifts the above described phase relationship so 
that ifund has a component in phase with the e.m.f. sufficient 
to supply the hysteresis loss. 
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The well-known graphical method shown in Fig. 2 of the paper 
will give a^ current wave consisting of harmonics and a funda¬ 
mental which can be split into two components i a j, the active 
and i Tf , the reactive or magnetizing component. The effect 
of the eddy current losses is, of course, to increase the active 
component.. To summarize, then, the distortion is due prim¬ 
arily to variable /z, and for the saturation curve or extremely 
thin hysteresis loops when if Un d — 0, ih = 0. But in the case 
of the hysteresis loop not only is fx variable but it has different 
values for given ascending or descending values of the flux 
and the above relation does not hold. Finally, it would be 
possible to have variable /z and sine wave of flux and current, 
provided the hysteresis loop is ellipsoidal or approaches the 
shape of an ellipse closely. 

It may be well in this connection to look at the question from 
a broader point of view, and mention that variable resistivity 
or permittivity (dielectric constant) will produce wave dis¬ 
tortions. 

J. F. Peters: The inconsistency in Fig. 6 referred to by Mr. 
Cone is that the arrows indicating the flow of current through the 
ground connection of the step-down bank of transformers should 
point up from the ground; this reversal of arrows is very evident 
from the directions indicated by the other arrows of the figure. 

The zero point for the star-star to star-star operation with the 
neutral of the step-down bank grounded, referred to by Mr. 
Ferris, is the earth. The neutral point of the fundamental 
v oltage under these conditions rotates around the zero point as 
stated in the paper and indicated in Fig. 9. 
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PHENOMENA ACCOMPANYING TRANSMISSION WITH 
SOME TYPES OF STAR TRANSFORMER CONNECTIONS 

BY Lu N. ROBINSON 


Abstract of Paper 

The purpose of this paper is to point out and explain some 
even harmonic phenomena which may attend the operation of 
star-star connected banks of transformers having grounded 
neutral on the line side only. Contrary to current opinions, the 
author believes the abnormal voltages and destructive effects, 
which often accompany star-star operation, are, in at least a 
large number of cases, due to even rather than third harmonics. 

At high magnetic densities, the third harmonic voltage may be 
appreciable, but the indications are that the even harmonics will 
cause damage at nominal magnetic densities lower than those 
which produce appreciable third harmonic voltages. 

The data on which the conclusions are based include ap¬ 
proximately one hundred and fifty oscillogram waves and a 
correspondingly large number of meter readings. The data are 
omitted from the text to a large extent, because the details could 
not add materially to the discussion. The tests are simple and 
can easily be made with an oscillograph. 

Introduction 

LJERETOFORE, the third harmonic voltage, required to pro- 
* duce the necessary third harmonic exciting current, has gen¬ 
erally been held to be the cause of the high voltages and conse¬ 
quent destructive effects accompanying the operation of star- 
star transformer banks. This is proper if it can be shown that 
the third harmonic, voltage is large. The star connection is 
generally used in transmission work so that the neutral on the 
line side may be grounded. If the line side neutral is not 
grounded, there may be abnormal and dangerous leg voltages 
due to the third harmonic, as has been proved in specific cases; 
though wreckage is less common from this type of connection. 
When the neutral on the generator side of the bank is isolated 
and the line side neutral is grounded, the Y-capacitive suscep- 
tance of the line is in series with the inductive Y-exciting-suscep- 
tance of the transformer legs; the former susceptance- is larger 
than the latter in a system involving a long transmission line; 
hence, the equivalent reactance of the circuit for Y-currents is 
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inductive and the third harmonic current lags, contrary to some 
recently accepted opinions. From this, it is seen that the im¬ 
pedance to Y-currents is not as large as might be supposed from 
a casual survey. Therefore, it is believed that the opinion that 
the third harmonic voltages are responsible for the destructive 
effects accompanying star-star operation with grounded neutral 
on the line side only, is based on the coincidence that the path 
for third harmonic current was apparently of high impedance 
in cases where destructive effects resulted from the use of the 
connection. So far as can be ascertained from published data, 
no oscillograms (or similar observations) nor records have been 
made of the forces at play when transformers or line insulators 
have been destroyed by abnormal phenomena due to star-star 
operation. 

The author has observed even harmonics and badly unbalanced 
leg voltages in several different instances extending over a 
considerable period of time. In all these instances, the paths 
for Y-currents were through the open-circuit admittance of 
the transformer units. These observations were made under 
the following conditions: 

1. A star-star bank, with generator side neutral isolated and 
line side neutral grounded. The duty was charging a line 37 
miles long. 

2. Another bank similarly connected, but composed of units 
made by a different manufacturer and of different ratings in 
every respect. The duty of this bank was the same as for that 
in case 1 but on another day. 

3. A bank of 1:1 auto-transformers connected star with 
grounded neutral, at the sending end of the 37-mile line, which 
was charged by a delta-delta bank. 

4. A bank of transformers stepping down from isolated neutral 
star to “ interconnected ” delta. In this instance, the current 
circulating in the “ interconnected ” delta contained prominent 
even harmonies. 

5. A bank of 13,200:110-volt potential transformers connected 
star with grounded neutral to the sending end of the 37-mile 
line, which was supplied from a delta-star bank with isolated 
neutral. The secondaries of the potential transformers were 
open-circuited. 

Data 

Several phenomena appeared consistently, and they seemed 
to vary with the magnetic density in the transformers. However, 
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the variations of impressed voltage and consequently the varia¬ 
tions of the magnetic density were necessary in order to vary the 
Y-currents, which currents are believed to be directly responsible 
for the excessive leg voltages. 

In some cases, when charging the line from transformers 
connected star-star with grounded neutral on the line side, an 
undertone of one-half fundamental frequency was present in 
the leg voltages, and in the currents on the generator side of 
the bank. A typical wave shape is shown in Fig. 1, wave No. 3. 
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In some other cases, two of the leg voltages were approximately 
Vf/3 times the delta voltage, while the magnitude of the volt¬ 
age of the third leg was approximately normal, i.e., 58 per cent 
of the delta voltage. The leg voltages had distinctly different 
wave shapes, and their fundamental components were con¬ 
spicuously not 120 degrees apart in time phase. Typical wave 
shapes are shown in Fig. 1, waves Nos. 4, 5 and 6. The currents 
in the buses on the generator side of the bank were several times 
normal. 
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In still other cases, the leg voltages had double frequency 
components, approximately four times as large as the funda¬ 
mental components, and the transformers vibrated internally. 
Typical wave shapes are shown in Fig. 2, waves Nos. 2, 3 and 4. 

In the case of the 1: 1 auto-transformers, the delta voltages 
were affected by the phenomena, becoming nearly twice as 
great as existed when the auto-transformers were not connected 
to the line. The delta voltages were of fundamental frequency 



Fig. 2 


with no double frequency component, while the leg voltages con¬ 
tained the large double-frequency component. 

In all cases in which the second harmonic was prominent in 
the leg voltages, it was in time phase in all three legs. This 
was proved by the oscillograms of the simultaneous values of 
the three leg voltages, by a measurement of their vector sum, 
and by the fact that the second harmonic was not in the waves 
of delta voltages. (See Fig. 2, waves Nos. 1 to 5 inclusive.) 


1915] ROBINSON: TRANSFORMER CONNECTIONS 


2187 


Discussion 

Case I. The case in- which the second undertone, or “ one- 
half ” harmonic was present, is explainable by a periodically 
reversing leg; i.e., one leg of the bank reversed once for each 
fundamental cycle, so that the fundamental component of cur¬ 
rent in the leg tended to flow in the same direction through the 
unit during the entire cycle. In the next cycle the leg reversed 
again, so that the fundamental component of current tended 
to flow in the opposite direction from that in the previous cycle. 

It is to be noted that the voltage from one line conductor to 
ground was approximately 58 per cent of the delta voltage, 
while the voltages to ground from the other two con ductors 
varied from 58 per cent of delta voltage to 100 V 7/3 = 153 
per- cent of the delta voltage; i.e ., the voltages from these latter 
conductors to ground varied from normal to 264 per cent of 

normal Y-voltage. On a line with 
small factor of safety of insulation, 
this 164 per cent abnormal voltage 
might cause considerable damage. 

The voltages between conductors 
(delta voltages) are normal if the 
bank is of star-star transformers with 
grounded neutral on the line side 
only, because the delta voltages on 
the station side are fixed by the 
generator, and the neutral on the 
station side of the bank is isolated and free to float. 

Case II. In the case with the stable, unbalanced leg volt¬ 
age condition, the neutral on the generator side of the bank 
assumed a fixed position with one leg reversed so that the 
voltages from two of the line conductors to ground were approxi¬ 
mately V7 (= 2.64) times the voltage from the third conductor 
to ground. See Fig. 3. 

A peculiar characteristic of this case was that different legs 
reversed at different times. The switching was done on the 
station side of the bank. The line was 37 miles of vertical 
type construction with no transpositions to balance the ad¬ 
mittances to ground. For example, when charging the line the 
first time, leg A might reverse and continue reversed as long 
as the bank was excited. Switching off and on again might 
bring either leg B or leg C in reversed, and the reversed leg 
would be a stable condition as long as the transformers and 



Fig. 3—Voltage Rela¬ 
tions— Three-Phase Star 
Connection Having Re¬ 
versed Leg. 
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line were energized. Occasionally, the three legs would come 
in without a reversed leg, and conditions would be normal. 

Case III. At approximately 60 per cent of normal voltage 
impressed, the first star-star bank which was observed, showed 
signs of distress by vibration noises. This condition followed 
charging the transformers and line through a three-pole oil 
switch on the station side of the bank. The neutral on the 
station side was isolated and the line side neutral grounded. 
Investigation showed a second harmonic in the voltages from 
line conductors to ground. As stated above, this second har¬ 
monic was in time phase in all three legs and did not appear 
in the delta voltages, which latter were of normal magnitude. 
In this case, the second harmonic was approximately four times 
the fundamental component of the leg voltage. 

In explanation: The impressed Y-voltage on the generator 
side of the bank produced an exciting current and correspond¬ 
ing flux, which induced the nominal line side leg voltage prac¬ 
tically 180 time degrees behind the impressed leg voltage. 
The Y-susceptance of the 37-mile line is capacitive. The Y- 
currents in the line side of the bank must flow through the 
transformers with the station side of the bank open-circuited 
for Y-currents; i.e., the line side Y-reactances of the trans¬ 
formers are the open-circuit reactances. The capacitive Y- 
susceptance of the line is equivalent to a capacitive reactance, 
and is in series with the inductive Y-reactance of the trans¬ 
formers. In this case, the inductive reactance of the transformer 
is the larger of the two. Consequently, the resultant reactance of 
the circuit of Y-currents is inductive and less than the reactance 
corresponding to the exciting susceptance of the transformer. 
Hence, the line side Y-currents will be lagging, and of the order 
of ma gnitude required to excite the transformers at nominal 
voltage. The lag of this current will be more than 180 degrees 
and. less than 270 degrees behind the nominal impressed leg 
voltage on .the generator side of the bank. The voltage induced 
by the flux corresponding to the Y-current is less than 90 time 
degrees ahead of the impressed leg voltage. 

The “ resultant ” leg e.m.f. on the generator side of the bank 
is, therefore, the vector sum of the impressed leg voltage and 
the voltage induced by the Y-current. That is, the “ result¬ 
ant ” leg voltages are above normal counter-e.m.f. and in three- 
phase relation. In order for this condition to exist, the neutral 
on the generator side of the bank must move in the e.m.f. dia- 
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gram, and its motion is the effect of two sine wave e.m.fs. 
Thus, the equivalent motion of the neutral may be chosen as 
in the axis perpendicular to the plane of the fundamental 
frequency e.m.fs. In other words, the e.m.f. vectors of funda¬ 
mental frequency may be represented in the xy- plane, while the 
vector representing the motion of the neutral is coincident with 
the s-axis. 

As to frequency, at the instant of the maximum value of the 
above “ resultant ” leg voltage, the neutral is at its maxi¬ 
mum displacement. At the zero value of the 11 resultant ” leg 
voltage, the displacement of the neutral is a minimum. At 
the minimum, or negative maximum of the “ resultant ” leg 
voltage, the displacement of the neutral is again a maximum, 
etc. Thus, it is seen that the displacement of the neutral is 
at double the frequency of the impressed leg voltage. Hence, 
the counter e.m.f. between the actual neutral and the “average 
position of the neutral 5 ’ is a double-frequency e.m.f. 

The above phenomena are transformed to the line side of 
the bank and the line side leg voltages are proportional to the 
square root of the sum of the square of the double-frequency 
neutral e.m.f. plus the square of the vector sum of the impressed 
leg voltage and the fundamental voltage induced by the line 
side Y-current. 

Because the neutral on the generator side of the bank is free 
to float in transformer banks connected as in this case, the 
delta voltages are not affected, but are transformed in the 
nominal ratio of the units. 

As previously stated, the line side Y-current is more than 
180 and less than 270 time degrees behind the impressed leg 
voltage. That is, the Y-current lags behind the line side 
“ nominal leg voltage.” In the general case, then, the Y-cur- 
rent produces a component of flux opposite in phase to, and 
a component in quadrature to, the flux corresponding to the 
impressed leg voltage. The quadrature component of flux 
produces the mechanical stresses and vibrations evidenced by 
the noises. 

Case IV. The 37-mile line was energized from a delta-delta 
bank of transformers. The neutral on the line side at the send¬ 
ing end was grounded by a star-connected bank of transformers 
whose secondaries were star-connected with no load, i.e., open- 
circuited. Thus, the star transformers were three iron-clad 
reactances legged, one from each line conductor to ground. 
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However, they presented the only path for Y-currents, and 
therefore operated as 1:1 auto-transformers in respect to Y-cur- 
rents. The neutral of this bank, being grounded, could not 
pulsate to maintain the proper delta counter e.m.fs. The result 
was, that the delta voltage was raised to nearly twice the mag¬ 
nitude that existed when the line was disconnected; that is, the 
path for Y-currents through the line and auto-transformers was 
essential to the phenomena; and the delta voltage was approxi¬ 
mately VF times the “ resultant ” leg voltage discussed in 
Case III. This excess delta voltage was dissipated in the 
line and backed up into the supply source, an extensive public 
service corporation network. 

As expected, the second harmonic was prominent in the line 
Y-volt ages, and not noticeable in the delta voltages. N 

Notwithstanding the excessive second harmonic leg voltages 
in both Case III and Case IV, there was no appreciable third 
or sixth harmonic in the leg voltages, though the Y-currents 
contained a large component of sixth harmonic frequency. 
See Fig. 2, wave No. 6. 

This fact proves that the Y-impedanee of the line to third 
and sixth harmonic currents was small in this case, and it in¬ 
dicates that the same is true of other long lines. 

Conclusions 

. The conclusions to be drawn from the above are well-known 
axioms so far as concerns commercial operation of star-star 
transformers or auto-transformers. 

I. The use of star-star-connected transformers in long-distance 
transmission, with only the line side neutral grounded, is a 
dangerous practise unless a tertiary delta, or its equivalent, is 
used to stabilize the neutral. 

II. The use of grounded neutral star-connected auto-trans- 
formers in long-distance transmission is also a dangerous practise 
unless a tertiary delta, or its equivalent, is used., 

III. Grounding the neutral of an otherwise isolated trans¬ 
mission system by three iron-clad reactances or auto-transfor¬ 
mers connected in star without a tertiary delta is a dangerous 
practise. 

IV. The use of star-star transformers or auto-transformers 
on a grounded-neutral transmission system is safe if tertiary 
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deltas, or their equivalents, are used at enough points to 
stabilize the neutral. With this type of system, a liberal factor 
of safety is necessary in order to cover the emergency of the 
failure of the transformers containing the tertiary deltas. 

V. The instability of the neutral due to double-frequency 
e.m.fs. is an important reason why the grounded star transmis¬ 
sion without secondary or tertiary deltas, or their equivalents, 
is condemned as bad practise. 
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Discussion on “ Phenomena Accompanying Transmission 
with Some Types of Star Transformer Connections 
(Robinson), San Francisco, Cal., Sept. 17, 1915. 

Harris J. Ryan: In cases I and II: The author says that the 
abnormal condition “ is explainable by a periodically reversing 
leg,” yet there is nothing in the. paper nor in common knowledge 
to enable one to understand just what this “ leg ” is and what 
cause made it reverse. The author does not state for case III 
whether the abnormal condition was temporary or stable, a 
matter obviously of great importance. In explanation of the 
formation of the in-phase double frequency e. m. fs. applied 
between line and ground having effective values of four times the 
line voltage. “ two sine wave e. m. fs. of normal frequency ” 
are assumed to interact to form their product and thus to develop 
a double frequency resultant. Yet it is fixed knowledge that 
e. m. fs. interact to add or subtract and never to form a product- 
resultant. Double frequencies are produced only by products 
and never by additions or subtractions. Matters of this sort 
are not in accord with the statement in the abstract of the paper 
that the “data are omitted from the text to a large extent because 
the details could not add materially to the discussion.” 
The abnormal formation of large in-phase double frequency 
e. m. fs. applied from line to ground in a recognized system, of 
transformer connections is a matter of importance. Conclusion 
VI should not go unchallenged for the reason that no demonstra¬ 
tion in this paper appears to be of such a character as to lead “ to 
the comprehensive understanding of the possibilities and im¬ 
possibilities ” therein referred to. 

H. Stephenson: Several years ago, I made some tests 
to determine the effect of the even harmonics. Ordinarily 
we say in transformer connections we can have only odd 
harmonics present; but it is possible under certain conditions 
to have even harmonics, and they may have injurious, effects. 

Two transformers were connected, one side in multiple, the 
other side in series; the current being forced through the wind¬ 
ings, thereby magnetizing the core in one direction. Then we 
applied alternating excitations to the other side, so we are super¬ 
posing an a-c. excitation on a d-c. excitation. The resultant 
magnetizing or exciting current contained quite a pronounced 
even harmonic, depending upon the amount of d-c. excitation 
applied. The resultant waves obtained by oscillograms were 
unsymmetrical. The even harmonic has the effect of overcoming 
the d-c. magnetization. This condition, of course, is not ordi¬ 
narily met with but it is encountered in three wire synchronous 
converters, provided the halves of the transformer are not 
divided so that the return direct current does not flow through the 
halves of the windings in opposite directions. It is also en¬ 
countered in certain cases of art furnace work, the art furnace 
having the properly of rectifying current to a certain extent. 
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W. A. Hillebrand: It is my belief that the essential phenom¬ 
ena described by Mr. Robinson are due to those very phenom¬ 
ena of magnetic saturation that have just been touched upon. 
A further reason for that belief is this: Those even harmonic cur¬ 
rents represent a certain amount of power represented by the 
P of the line if nothing else. Assuming that there is no even 
harmonic in the generator wave, it is impossible I think to obtain 
that power except by the interposition possibly of a saturated 
iron core. This phenomenon of the production of an even har¬ 
monic by the superposition of a current wave on a partially 
saturated iron core is, I think, rather common. 

J. P. Jollyman: Certain of the conclusions reached by Mr. 
Robinson are so briefly stated that I think they are likely to be 
slightly misleading. The second conclusion is: 

“ The use of grounded neutral star-connected auto-transform¬ 
ers in long distance transmission is also a dangerous practise 
unless a tertiary delta, or its equivalent, is used.” 

I think Mr. Robinson means that this might be a dangerous 
practise on a system operating with an isolated neutral at the 
generating plant. I know of banks of transformers employing 
this connection which have been in successful operation for some 
time, transforming large amounts of power from the higher volt¬ 
age to the lower voltage, and occasionally in the reverse direction. 

Mr. Robinson’s fourth conclusion is: “ The use of star-star 
transformers, or auto-transformers on a grounded neutral trans¬ 
mission system is safe if tertiary deltas, or their equivalents, are 
used at enough points to stabilize the neutral. With this type 
system, a liberal factor of safety is necessary in order to cover the 
emergency of the failure of the transformers containing the ter¬ 
tiary deltas.” 

If the transmission system is a grounded neutral system, 
the neutral is stable inherently. The step-up connections 
feeding that system must keep it stable, or it is not a grounded 
neutral system. It is entirely feasible to operate a star-star 
system with no deltas in it whatever. I know of large systems 
which have been and are occasionally operating star-star with no 
delta connections whatever. 

The fifth conclusion is: “ The instability of the neutral due to 
double frequency e. m. fs is the reason why the grounded star 
transmission without secondary or tertiary deltas or their equiva¬ 
lents, is condemned as bad practise.” 

I think my last remarks apply to this conclusion, that if your 
system is star-star straight through, and the neutrals are grounded 
on your generators and on your transformers, both on the low 
tension and high tension side, the system is inherently stable, 
and does not necessarily need any delta connections in it what¬ 
ever. 

I think Mr. Robinson’s remarks apply particularly to the case 
where you are feeding from an isolated system into a star-star 
bank of transformers with the neutral on the feed-in side 
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grounded. That is unstable, and the grounding of one of the 
high-tension line wires puts an abnormal voltage on two of the 
transformers involved in the connection. 

I particularly wanted to call attention to the fact that auto- 
transformers used on a grounded neutral system under the proper 
conditions are perfectly stable and perfectly feasible. 

F. F. Brand: Regarding Mr. Robinson’s paper it would be of 
great benefit to us if he would give us a little more data concern¬ 
ing the even harmonics which are under discussion in his paper, 
particularly stating whether they were under transient or stable 
conditions of operation. I do not recollect that the presence of 
even harmonics has been noticed in any system, unless, as men¬ 
tioned by Mr. Stephenson, they were produced by direct currents 
superposed on the system or by synchronous converters opera¬ 
ting on a three-wire d-c. system under unbalanced load. I do not 
quite see how it is possible to get even harmonics under condi¬ 
tions produced by a saturated core unless the alternators con¬ 
nected to the system have a pronounced even harmonic which 
is very unusual in alternators and furthermore I do not see how 
it is possible to get a core saturated in one direction under stable 
conditions except by d-c. excitation on the core. 

One other point I would like to mention which has been 
brought up in the various papers presented and that is regarding 
the use of separate delta winding or what has been known as a 
tertiary winding to eliminate triple frequency harmonics. It has 
been commonly thought that this extra delta winding had to be 
only sufficiently large to take care of the triple frequency com¬ 
ponent of the magnetizing current of the transformer under 
ordinary conditions. This is not the case. It has to take care of 
the higher triple frequency currents which circulate in transient 
conditions such as switching, etc., when the transformer core is 
frequently magnetized to a very high value. Furthermore in 
any transformers in which a triple frequency voltage exists be¬ 
tween line and neutral which are connected on a grounded sys¬ 
tem it is necessary that this tertiary winding take care of the total 
triple frequency charging current of the whole system. This is 
usually so large that this tertiary winding must be made very 
large and it is my experience that it is only safe to make this wind¬ 
ing of an equivalent copper section to other windings. 

This brings out the fact that the only really economical and 
perhaps safe transformer for Y-Y connection is the three-phase 
core type, in which these triple-frequency voltages in any large 
degree cannot, exist between line and neutral. 

L. N. Robinson: Referring to the discussion by the first 
speaker, I would say. that the term “ leg ” is used in perhaps the 
popular sense, meaning a limb or branch of a star or Y connec¬ 
tion; e.g ., the leg voltage of a Y-connected bank of transformers 
is the voltage measured between line terminal and neutral. 

In Case III, which gave the large second harmonic voltages, 
the phenomenon was temporary at the lowest values of impressed 
voltage for which it obtained; but at higher values of impressed 
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voltage, the vibrations became more violent and the second har¬ 
monic was a stable phenomenon, remaining constant throughout 
runs as long as one-half hour. 

Professor Ryan’s statement concerning “ ‘two sine wave 
e. m. fs. of normal frequency ’ assumed to interact to form their 
product and thus develop a double frequency resultant is not 
quite clear. However, the paper does assume, and I believe it 
will be borne out by further investigation, that the double 
frequency resultant is the physical product of two single-fre¬ 
quency e. m. fs. It is obviously not the mathematical product 
because the double frequency resultant is only about four times 
one of the single-frequency factors. 

Mr. Stephenson has brought up the subject of the production 
of even harmonics in transformers by excitation with a combina¬ 
tion of alternating and direct currents, which was treated by J. B. 
Taylor in a paper published in the Transactions of 1909, pp. 
725-732. The possibility that the even harmonics, found in the 
observations under discussion, were due to direct-current excita¬ 
tion or residual magnetism was thoroughly examined and dis¬ 
carded because the even harmonics were so-enormous, were not 
present at small values of impressed voltage and occurred simi¬ 
larly in two banks of transformers of different ratings and manu¬ 
factured by different factories. # # 

Mr. Jollyman has called attention to the statement that it is* 
necessary to employ a tertiary delta or its equivalent in order to 
stabilize the neutral of a star-star connected transformer bank 
in which only the line side neutral is grounded. The terms 
“ tertiary delta ” and “ its equivalent ” are sufficiently defined 
in Rule Il-g (2) of the Report of the Joint Committee on Induc¬ 
tive Interference published in the Proceedings of September 
1914. There are several means of obtaining an equivalent ter¬ 
tiary delta; for example, a Y-connected generator, supplying a 
Y-Y-connected bank of transformers, will serve as an equivalent 
delta for that bank if the neutral of the generator is connected 
to the primary neutral of the transformer bank.. 

As to conclusion IV, cases are known to have existed in which 
grounded neutral auto-transformer banks connected star without 
tertiary windings have given very unsatisfactory service when 
feeding from a grounded neutral system into an otherwise isolated 
neutral system. One such case in point, is a bank of auto-trans- 
formers without tertiary windings, which steps up at the re¬ 
ceiving end of a 125-mile line, the generator end of which is 
connected to several banks of star-delta-connected transformers 
with grounded neutral on the line side. 

The author has endeavored to explain the phenomena, but 
does not feel that sufficient work has been done to warrant a final 
conclusion. The object of the paper was to present the idea in 
the hope that discussion and corroboration would develop the 
physical and mathematical conceptions into such form that they 
might be more readily applied. 
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ABNORMAL VOLTAGES IN TRANSFORMERS 


BY J. MURRAY WEED 


Abstract of Paper 

This paper deals with the electrical behavior of transformer 
windings when subjected to steep wave fronts and high-fre¬ 
quency wave trains. The dependence of the internal voltages 
produced, upon the distribution of capacity with the induct¬ 
ance of the winding, is discussed. 

Practical windings are divided into two general classes, one 
in which inductance and capacity are practically uniformly 
distributed, and the other in which the capacity is more or less 
concentrated at certain points, with relatively concentrated 
portions of inductance intervening. 

Neglecting the effects of the high-frequency dielectric losses 
in the insulation at high frequency, distinct mathematical an¬ 
alysis is given to these two classes of winding to determine the 
ratios of the internal voltages to the voltage of the external 
wave or wave train. The resulting internal voltage distribu¬ 
tions are plotted for various frequencies, and curves are plotted 
for the relations of maximum internal voltages to frequency. 
These curves show that some frequencies are dangerous, while 
others are not, but it can not be said that one of these types of 
winding is better than the other from the standpoint of the 
possibility of excessive internal voltages. 

The analysis is by no means complete, but an examination 
is made of the facts and fundamental principles involved which 
will enable us to insulate for and guard against excessive internal 
voltages in a more scientific manner. 

T HE EVOLUTION of present methods of insulating trans¬ 
formers has been based very largely upon experience, 
rather than upon rational design. In the early stages of de¬ 
velopment, the effort was only to insulate adjacent turns and coils 
from each other in a manner to give a satisfactory factor of safety 
for the calculated transformer voltages, and lightning arresters 
were developed for protection from excessive external voltages. 
But frequent breaks between turns, most often the end turns of 
the winding, which occurred in spite of the lightning arresters, 
pointed to the fact that a sudden application of voltage or sudden 
change of voltage at the transformer terminals, such as. may be 
caused by switching, sparking discharges or lightning, would not 
instantly distribute itself throughout the winding, but was more 
or less concentrated at the first instant across the end turns. 
Thus voltages which were not sufficiently large to cause dis¬ 
charges on the lightning arresters, when suddenly applied, would 
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break down the insulation between turns. Moreover, with volt¬ 
ages sufficient to produce discharges on the lightning arresters, 
the action of the arresters themselves would produce sudden 
changes of voltage of the worst kind at the transformer terminals, 
and thus be instrumental in causing breaks between turns. As 
a result of the accumulation of these experiences, the extra in¬ 
sulation of the end turns came into vogue, and also the practise 
of connecting choke coils between the transformers and the 
lightning arresters and line. 

At this stage, considerable discussion arose as to the relative 
merits of external inductance and end-turn insulation. Rec¬ 
ommendations were made as to the amount of inductance 
necessary, on the one hand, and, on the other, for the portion 
of the winding requiring extra insulation. But with increased 
experience it was found that the protection afforded by an external 
inductance in many cases did not eliminate the necessity for extra 
turn insulation. Also that with extra end turn insulation more fre¬ 
quent breaks occurred further in from the ends, and, in fact, the ex¬ 
tra insulation on the end turns was itself occasionally subject to 
failure. A further general explanation or cause for these difficul¬ 
ties was found in high-frequency oscillations, produced also by 
switching, sparking discharges or lightning. 

To meet the requirements for safety, as thus indicated by ex¬ 
perience, the extra insulation has been gradually increased, and 
gradually extended further from the ends, until at present 
many large high voltage transformers have what might be called 
re-enforced turn insulation throughout. Where a factor of 
four, for instance, applied to normal voltages to ground, gives 
ample strength for the major insulation between the high- 
voltage winding and the low-voltage winding and core, a factor 
of from 50 to 100 times as great is used in these transformers 
with respect to the insulation between turns. Thus, this in¬ 
sulation has a strength several hundred times as great as the 
normal ratio voltage between turns. 

In this matter of internal insulation, experience has been 
a tedious and a costly teacher. When failure has occurred, 
the cause was often so uncertain as to leave doubts as to the 
merits of the case. There were so many causes to which the 
difficulty might be ascribed, such as dirt, moisture and faulty 
construction or abnormal operation, that a number of failures 
were required to convince the designers that more insulation 
was needed, or that the design should be modified. More¬ 
over, it has been necessary throughout for the designer to en- 
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tertain considerations not only of safety, but also of econ¬ 
omy. He has been handicapped also in his efforts to 
adjust properly these contending considerations by the lack 
of adequate physical conceptions; first, of the nature and ex¬ 
tent of the disturbances from which external protection can¬ 
not reasonably be expected; and second, of the electrical be¬ 
havior of the windings themselves when subjected to these 
disturbances. As a result of investigations which these ques¬ 
tions have received, and are receiving, a new epoch is being in¬ 
itiated in transformer design based upon a better knowledge of 
the physics involved. 

The present paper deals with the behavior of transformer wind¬ 
ings when subjected to the two classes of disturbances which are 
typical, namely, the high-frequency wave train and the abrupt 
wave front. If we consider the effects of sheer wave fronts, or volt¬ 
age changes of given amplitude which are absolutely sudden, 
and of wave trains which are sustained with uniform amplitude, 
we will have considered conditions which are worse in these 
respects than the worst which occur in practise. These con¬ 
siderations will, however, show us the nature of the results 
which may occur in practise, and mathematical discussion is 
more easily based upon these extreme conditions. 

Transformer windings are ordinarily thought of merely as 
large inductances. In reality, they contain a rather large 
amount of capacity distributed in different ways depending 
upon the type and arrangement of the winding. For ordinary 
normal operating frequencies, in a steady state, the effect of 
capacity is negligible, and the winding acts like a simple con¬ 
centrated inductance, with voltage uniformly distributed. At 
high frequencies, however, or when a sudden voltage is impressed, 
the effect of capacity in disturbing this voltage distribution 
becomes important. This is due to the fact that at high fre¬ 
quencies, conditions of resonance are reached for the various 
combinations of inductance and capacity. This action will be 
understood when we consider certain typical combinations. 

Considering first the effect of an alternating voltage im¬ 
pressed upon an inductance and a capacity in parallel; the cur¬ 
rent taken by the capacity, with constant voltage, is directly 
proportional to the frequency, while the current taken by the 
inductance is inversely proportional thereto. The frequency 
at which these currents are equal is called the resonant fre¬ 
quency for this combination. The directions of these currents 
with respect to the external circuit, or source of impressed 
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voltage, are opposed to each other, so that this combination 
takes no resultant current from the external circuit at its reso¬ 
nant frequency, however high the voltage may be. It there¬ 
fore acts, under these conditions, like an open circuit. 

_ ^. frequencies below the resonant frequency for this com¬ 
bination, the resultant current will be the excess of that taken 
by the inductance over that taken by the capacity, while at 
frequencies above the resonant frequency, the resultant current 
will be the excess of that taken by the capacity over that taken 
by the inductance. Thus, so far as the external circuit is con¬ 
cerned, this combination acts like an inductance at frequencies 
below its resonant frequency, and like a capacity at frequencies 
above its resonant frequency. 

If, now, we have two parallel arrangements of inductance and 
capacity, in series with each other, the resonant frequency of the 
two arrangements being different, the action, at frequencies 
between these resonant frequencies, so far as the voltages across 
the individual arrangements and the current in the external 
circuit are concerned, is the same as with an inductance and a 
capacity in series. 


considering the effect of the impressed alternating voltage 
upon an inductance and a capacity in series, we find the same 
current in both, while the voltages across the inductance and 
the capacity are in opposition to each other. The voltage im- 
pressed upon the combination is the resultant, or the arithmetic 
difference between these two voltages. With constant current 
m this circuit, the voltage across the inductance is proportional 
to the frequency, while that across the capacity is inversely pro- 

P t rtl f I lt 1 t0 lt- ThS resonant frequency is that frequency at 
which these voltages are equal to each other. With any fini te 

voltage across the combination it is seen that the resonant fre¬ 
quency would result in infinite voltages across the separate 
elements of inductance and capacity, except for the effects of 
losses which exist within the inductance and capacity, which 

can be supplied by the generator or the line, is limited, and 

fiid K 1 geS a T SS the inductance and the capacity are 
fixed by the current the resultant of these two equal and opposite 

finite voltages would be zero. This combination, at its resonant 

loweTtS’ 6ref0re llke a short circui t- At frequencies 

lover than the resonant frequency for this combination/the 

r oltage across the capacity will be greater than that across the 

nductance, while at frequencies higher than the resonant fre- 
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quency, the voltage across the inductance will be greater. This 
combination will therefore act like a capacity at frequencies 
below its resonant frequency, and like an inductance at frequen¬ 
cies above that frequency. 

In various types of windings, as stated above, we find capacity 
distributed with the inductance in various ways. There is not 
only capacity to ground, as represented in transformers by the 
core and case, but also capacity between parts of the winding, 
and in transformers capacity to the opposite winding. The 
capacities between portions of the same winding are capacities 
in parallel with the inductances of those portions. Also the 
capacities to ground, in the case of a winding which possesses 
a fixed ground or definite neutral point, are in parallel with the 
inductances between the points where the capacities are* located 
and the ground or neutral point. We have, therefore, various 
parallel combinations of inductance and capacity in series 
with various other such combinations, which gives opportunities 
for resonance and excessive internal voltages at various points 
within the winding, occurring respectively at different frequen¬ 
cies. 

We will now consider the effects of a sudden or abrupt voltage 
impressed upon typical combinations of inductance and 
capacity. In the case of a simple capacity, the current at the 
first instant is limited only by the external or supply circuit. 
Since current cannot be built up instantly in supply circuits 
which we have to consider, on account of their inductance, the 
voltage across the condenser will start at zero, at the first instant, 
and as the condenser becomes charged it will build up to the full 
value, and current will cease. At the first instant it acts like 
a short circuit, but in its final state like an open circuit. 

With a simple inductance, the action will be just the reverse 
of that with the capacity. The current, at the first instant, 
will be zero, with the full value of voltage, but ultimately the 
current is limited by the supply circuit only, and the voltage 
across the inductance is zero. At the first instant the inductance 
acts like an open circuit, but in its final state like a short circuit. 

With an inductance and capacity in parallel, the combina¬ 
tion acts like a short circuit, at the first instant, due to the 
presence of the condenser, and in its final state, it acts like a 
short circuit, due to the presence of the inductance. During 
the intermediate period a certain voltage will grow, and then 
disappear, due to the combined action of the capacity and the 
inductance, but this voltage will never reach the value which 
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would appear with an open circuit, since current 1 
this period in both the inductance and the capacity 
With an inductance and capacity in series, the * 
acts like an open circuit, both at the first instant, be* 1 
cannot flow instantly through the inductance, an** 1 
state, because current cannot flow continuously ? 1 
capacity. At the first instant, the total voltage *■^ 
inductance, while in the final condition, it is all 
capacity. During the interval between the first ins**'* :v< 
final condition, an oscillation takes place, with ** 
voltage across the inductance equal to the impre^' 
and a maximum voltage across the capacity of double 
A combination such as is found in windings, as desi ¥ 1 1 
namely, various parallel arrangements of inductance •<*- 9 :i 
in series with other parallel arrangements, will act lik r ■ 
cuit at the first instant, on account of the existence sl ^ 
of condensers across the entire combination. It will ^ * 
a short circuit in its final state, on account of the sof * • ! 
tances. During the intermediate period, the val® 
the. combination will grow and then disappear in 
similar to that mentioned above for a single inductaiii * ’ 
with a single capacity. If the various capacity ui'** 
arrangement are in inverse proportion with the rr-l 
ductance units with which they are in parallel, t i i 
wdll at all times be uniformly distributed throughout t. 
tance. That is, the voltage across the various indtir f. «i 
will be proportional to the respective amounts of 
and in inverse proportion to the amounts of cajinr t 
result is produced with a current flowing through 11 n • 
inductances, with the same value in all,’and anolW- 
current flowing through the series of condensers, wit t * 
value in all. 

If the capacities and inductances are not in the j * t« 
specified above, the uniform distribution of voltage will 
but oscillatory disturbances will be set up w hi ch art* ?i 
a general w r ay to those produced by the capacity and ««* 
in series, due to the fact that, since currents cannot 11 # , 
same time through the inductances with the same vmf 
and through the condensers with the same value in nil 
which flow through inductance in one part of the a * f t if 
must flow through capacity in another part. The ex. * 
of the oscillation produced depends upon the^partu 
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bination of inductance and capacity which is found, and would 
need investigation for the particular case. 

If consecutive voltages, or changes in voltage, be impressed 
upon the combination of inductance and capacity found in a 
winding, the resulting oscillations are superposed upon each 
other. It is clear, therefore, that excessive voltages may be 
built up by a series of such voltage changes or wave fronts, 
occurring at intervals corresponding to a resonant frequency 
of the particular combination of inductance and capacity. 
Such a series of waves would, in fact, constitute a wave train 
of the resonant frequency for this combination. 

While the distribution of capacity with inductance in trans¬ 
former windings is ordinarily too complicated to be accurately 
expressed in simple terms for mathematical analysis, yet wind¬ 
ings may be divided into two general classes, which are roughly 
represented by simple typical arrangements of inductance and 
capacity, and an investigation of the behavior of these sim¬ 
plified arrangements wall give us a very satisfactory con¬ 
ception of the behavior of the two types of windings. We will 
now proceed to investigate in some detail these two classes of 
windings, which are: 

1. Windings in which inductance and capacity are practically 
uniformly distributed. 

2. Windings in which the capacity is more or less concen¬ 
trated and localized at certain places in the winding, the in¬ 
tervening portions of the winding constituting relatively con¬ 
centrated inductances. 

There is no definite line of division between these two classes, 
since, if the individual portions of inductance and capacity 
are relatively small, and the frequency relatively low, the 
latter type of winding will act like the former type, in accord¬ 
ance with the principle by which a telephone line loaded with 
inductance coils at sufficiently frequent intervals acts like a 
line with uniformly distributed inductance with respect to tele¬ 
phone currents, which have a wave length sufficiently great 
that several of the loading coils occur within the length of a 
half wave in the line. The classification as to behavior of any 
given winding depends, therefore, upon the frequency of the 
disturbance that is considered. 

A winding consisting of a single cylindrical layer is the simp¬ 
lest example of the first type mentioned above, while the second 
is represented by a winding consisting of groups of pancake 
coils interlaced with the coils of a low-voltage winding, which 
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will here be considered as ground. We will first consider the 
behavior of: 

Windings with Inductance and Capacity Uniformly Dis¬ 
tributed. A wave arriving from the line at the terminals of a 
winding of this type will be partially reflected and partially 
propagated into and through the winding. It will produce no 
internal oscillation, but will merely pass along the winding, 
with velocity reduced and voltage increased from those found 
in the line. The tendency of both of these effects is to produce 
a steeper wave front in the winding than that found in the line, 
with correspondingly large transient voltages between turns. 
If the wave front is steep, however, there is, on the other hand, 
a very important opposite tendency to reduce the voltages 
between turns due to the capacity between turns. 

If we consider, for instance, the effect of a sheer wave front 
arriving at the terminals of such a winding, the distribution 
of voltage, at the first instant, will depend upon the distri¬ 
bution of capacity from the first turn to ground. Referring 
to Fig. 1, which represents the 
type of winding considered, it 
is seen that this capacity is 
represented by a series of con¬ 
densers between adjacent turns, 
with the capacity of each turn Diagram of capaci ' ty and inductanoe 
to ground shunting the part of in winding with uniformly distributed 
the system beyond that turn. capacit y 

This combination of capacities is the same as that investigated 
by Mr. F. W. Peek, in his paper on “ Electrical Characteristics 
of the Suspension Insulator,’’ Transactions of A.I.E.E., Vol. 31, 
Part I, pages 907-930. If the capacities between turns are 
large as compared with the capacities of the individual turns 
to ground, and this is the condition found in practise, the total 
voltage, at the first instant * is distributed by the action of the 
system of condensers over a considerable number of turns. 
Although the maximum voltage will be found on the first turn, 
this will be a small percentage of the total voltage, and smaller, 
the larger the capacities from turn to turn. This indicates a 
disadvantage of extra end-turn insulation, which reduces the 
capacity between turns, and thereby increases the transient 
voltages which may occur between turns. 

The waves entering this winding will traverse it and be re¬ 
flected in it in much the same manner as in a transmission line. 
A reflection point corresponding to the closed end of a line 
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will be found at the middle of the winding for single-phase or 
delta-connected transformers, with conjugate half waves arriv¬ 
ing at opposite terminals at the same time, or at the further 
end for Y-connected transformers with grounded neutral. A 
reflection point corresponding to the open end of a line will 
be found at the middle of the winding for single-phase or delta- 
connected transformers with half waves of the same polarity 
arriving at opposite terminals at the same time. 

With a wave train of given frequency entering the windings 
the position and character of the reflection point fixes the loca¬ 
tion of the nodes of the resulting standing wave train. Neglect- 
ing the effect of internal losses, this also determines the ratio 
of the resulting internal voltages to those existing in the line. 
This relation is illustrated in Figs. 2a, 2b and 2c, which repre¬ 
sent standing waves of voltage in the winding in their relations 



Standing waves of voltage in winding with u nif or ml y distributed capacity, as 

related to standing waves in the line, for different values of r ‘ *P=10. 

X Z i 


to the standing waves in the line. Referring to these figures, 
we call the maximum value of voltage in the line 25 1 , and that in 
the winding 25 2 . The length of the winding from the entrance 
to the reflection point is y, and the wave length within the wind¬ 
ing X. Then, from the figures, we derive the equation 

25 2 ____ 1 

V 7 sin 2 2 7 r ^ cos 2 2ir (1) 

where Z 1 , and Z 2 are the wave impedances respectively of the 
lines and the winding. Z x and Z 2 are further defined by the equa¬ 
tion Zi = V / ~ i andZ 2 = V^, where L\ and C x are respec- 
Ci C 2 
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tively the inductance and the capacity per unit length of the line, 
and L 2 and C» the effective inductance and the effective capacity 
per unit length of the winding. This equation is derived as 
follows: 

The number of wave lengths between the reflection node and 

the entrance to the winding is ~, and a is the fraction of a wave 

length between the entrance and what would be the next node 
of same character as the reflection node, if the line were continu¬ 
ous. Let E and I be the voltage and current at the entrance, 
which are common to the line and the winding. Then, remem¬ 
bering that voltage nodes are current antinodes, and vice versa , 
we may write 

E — E 2 sin 2tt = E x sin a (2) 

and 

I = I 2 cos 2 7r ~~ = Ii cos a (3) 


or, since Ii = and I 2 = -rr“* ( 4 ) 

r E 2 0 y Ei 
I = ~~~— cos 27rf = —=— cos a 
Z 2 A Z i 

whence, by the relation cos = V 1 — sin 2 , we have 

2 

sin 2 a — 1 — 1- cos 2 7 r (5) 

From (2) we have 

E 2 
E 1 


*See discussion on “Some Simple Examples of Transmission Line 
Surges,” Trans. A.I.E.E., Vol. XXXIII, 1914, p. 560. 


sin a 

sin 2 7T-y 
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Substituting sin a from ( 5 ) and simplifying, we get equation 
(!). 

The way in which the internal voltages build up .to the values 
shown in the figures and represented by equation (1) is explained 
as follows: With respect to the first wave of a traveling wave 
train, the transformer winding will act practically as open circuit 
to the line, regardless of the length of y, on account of the small 
amount of current admitted. That is, a voltage antinode and 
current node will be produced in the line at the entrance. Con¬ 
centrating our attention upon figure 2b 


with y = — we find that the internal 
A 

reflection will produce a voltage node 
at the entrance. The succeeding wave 
will therefore find as * free admission 
as the first, and its current will be 



o 

•5 


.2 

.7 


.4 .5 
.9 1.0 


superposed upon that of the internal 
standing wave already produced. This 
process will continue, admitting more 
and more current from the line with 
each succeeding wave, until the cur¬ 
rent node found at first in the line at 
the entrance becomes an antinode, while 
the voltage antinode is reduced to a node. 

For the particular case represented by 
figure 2b, which gives the maximum in¬ 
ternal voltage, since y— 1/2 A, equation (1) simplifies to the form 


— (X constant) 

Fig. 3 

Maximum voltage in wind¬ 
ing with uniformly distributed 
capacity, as affected-by the 
ratio of winding length to 
-v 

wave length, ^, in terms of 

the maximum standing wave ' 
voltage in the line. Plotted 
Zi 

from equation (1), with ^ 
= 10. 


Ei 


Z i 


(for y — 1/2 X) 


( 7 ) 


The current in the winding is the same as the current in the line 
and the voltages are proportional to the respective wave impe¬ 
dances. Equation ( 7 ) holds for values of y such that y = 1/2 X or 
any multiple thereof. 

The maximum internal voltage which could be produced is 
plotted in Fig. 3 in terms of the external standing wave voltage 

y 

Ei, for the ratio ~~ = 10, with y varying between 0 and § X. 

Zi 

This curve repeats itself for the ranges of y between § X and X, 
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between X and 1J X, etc. The minimum value for these volt¬ 
ages found for y equal f X or any odd multiple thereof, is 

-fj- = 1 (f°r;y = 1/4 X) (8) 

It is worthy of note that for values of - varying between 0 

and | and f, etc., the current taken by the winding from the 
line lags 90 deg. in time behind the voltage at the transformer 
terminals, whereas for values between f and f, f and 1, etc., the 
current leads the voltage by 90 deg. That is, in the former-cases 
the winding acts like an inductance, and in the latter like a 
capacity. 

It should be noted, that, though the wave lengths as repre¬ 
sented in the figures are the same in the winding as in the line, 
this is not true in ordinary linear measure. The linear relation 
between wave lengths is found as follows: The relation between 
frequency, velocity and wave length is 



where the velocity is 


Vlc 


( 9 ) 

( 10 ) 


and L and C are the inductance and the capacity per unit length 
of the circuit. Since the frequency is the same for the line and 
the winding, using the subscripts 1 and 2 for the line and the 
winding respectively, we have 


= Cl 

'Sue 


( 11 ) 


The effect of frequency upon the internal voltages will become 
more obvious if we substitute in equation (1) the value of X 
in terms of frequency, and inductance and capacity per unit 
length of the winding. This is 




We must still consider, moreover, the effects of frequency upon 
L 2 and C 2 , since, at high frequencies, the effective inductance 
and the effective capacity per unit length of the winding are 
affected by the frequency. 

The turn to turn capacity between positive and negative half 
waves becomes important at high frequencies, on account of the 
proximity of the half waves. This capacity has the same effect 
upon velocity, wave length, wave impedance and voltage as twice 
the same amount of capacity to ground, and must therefore be 
added to the capacity to ground at double value. 

The increase in total effective capacity per unit length with 
increased frequency, due to this cause, is all the greater on ac¬ 
count of its reflex action. By reducing the velocity of propaga¬ 
tion, it brings the half waves still closer together, with consequent 
further increase in effective capacity. 

On the other hand, the effective inductance per unit length of 
the winding will be reduced by increased frequency. This is due 
to the fact that the part of the winding which acts as a unit with 
respect to inductance is reduced by the shorter wavelength. 
This effect is illustrated by Nagaoka's table of correction factors 
for inductance calculated for a single layer coil by the formula 
for a long solenoid. This table, given in “ Calculation of Alter¬ 
nating Current Problems ” by Cohen, pages 80 and 81, gives 
correction factors varying from unity for the infinitely long sole¬ 
noid to 0.2 for a coil of length 0.1 as great as its diameter. 

This reduction in inductance with increased frequency will 
tend to neutralize the effect of increased capacity upon the 
velocity of propagation, but augments its effect upon the wave 
impedance of the winding. If we assume that the factor by 
which the capacity is increased is the same as the factor by which 
the inductance is decreased, the sine and cosine terms in equation 
(13) will not be affected, the only effect upon the internal volt¬ 
ages due to the variations in capacity and inductance with fre- 

lZ i\ 

quency being that which appears in the factor f—y , which may 

n 

be written Z i 2 





2210 WEED: TRANSFORMER CONNECTIONS [Sept. 17 

'W here L w and C w are the total inductance and capacity of the 
winding measured at normal operating frequency, if we assume 

that the wave impedance of the winding is \/for the fre- 
quency / = — 1 , which gives a § wave length within the 

V JLjiu L^w 

winding, and if w’e assume further that, due to the changes in 
inductance and capacity, the wave impedance is inversely pro¬ 
portional to the square root of the frequency,* we may write, for 
any frequency, 

7 2 _ -^ 2 _ 1 Lw / . 

2 fVL~C^ ~cl (14) 

We have also, when y is the total length of the wi nding , 

y ^2 Cl = Vl w Cw ( 15 a) 

and when y is § of the length of the winding, 


V.Z, 2 Co = 


y v c 2 


V l w c w 


Substituting (14) and (15a) in (13) we obtain 


-\/sin 2 2 Tf VL W C W + 2t rf VT U 


or from (14) and (15b) 


■ £ ' " 


sin' x/ cos' x / V£7c; 


The internal voltages in terms of the line voltage, in accord- 

*This is equivalent to the assumption that £ 2 is inversely and C 2 
directly proportional to the square root of the frequency. 
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ance with equations (16), are plotted in Fig. 4, for the assumed 
values of 

Z\ = 490 ohms 
C w = 0.00248 mf. 

L w — 0.175 henrys 

The effects of losses within the transformer winding were not 
taken into account in the above derivations. The dielectric 
losses at high frequency and high voltage are high, and cause a 
rapid damping of the entering wave train as it traverses the wind* 
ing. The outgoing wave being smaller than the incoming one, 
this gives a combination of traveling waves and standing waves, 



Kilocycles 

Pig. 4 

Effect of frequency upon the maximum voltage in winding with uniformly dis¬ 
tributed capacity, in terms of the maximum standing wave voltage in the line. 
Plotted from equation (16b), with Zi = 490 ohms, L w = 0.175 henry and C w 
=0.00248 m.f. 


the standing waves being smaller the greater the damping. 
This not only prevents the internal voltages from building so 
high, but throws them out of-phase with each other. With a 
true standing wave train, all voltages are in the same time phase, 
and either add or subtract numerically, but voltages measured 
between points equally distant in the winding have every value 
from zero to maximum. With a pure undamped traveling wave, 
the same voltage may be measured between points equally 
distant in the winding, but all phase relations are found. With 
traveling waves superposed upon standing waves, we find both 
varying voltages and varying phase relations between equidistant 
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points. This is what we will expect to find in a transformer 
winding of this type, the voltages being most nearly in phase 
near the node of reflection, where the standing waves predominate 
and furthest out of phase, but almost nearly equal, between 
equidistant points near the entrance, where the traveling wave 
component is maximum. 

Winding With Capacity More or Less Concentrated and Local¬ 
ized. A winding consisting of groups of pancake coils inter¬ 
laced with a low-voltage winding is represented by the simplified 
arrangement of capacity and inductance in Fig. 5. If the middle 
of this winding is grounded, or a neutral'point, the middle capac¬ 
ity Cz is short circuited. Neglecting the capacities Ci and C 5 , 
adjacent to the line, which exist also with the winding with 
distributed capacity considered above, and also neglecting the 
turn-to-turn and coil-to-coil capacities, which are in parallel 
vith the respective inductances, we will consider a disturbance 


Tfflj 
= C 1 

? - 7 -^ 

[fir 

r c s n 

[ffl] 

=c ? =j 

[Sffl] 

r c 4 


Fig. 5 

Diagram of capacity and inductance in winding with localized capacity. 


entering this winding from one end. We find between the line 
and neutral, or ground, the inductance L, in series with the paral¬ 
lel arrangement of inductance L 2 and capacity C 2 . Any other 
location of neutral point or ground, as with one end of the wind¬ 
ing grounded, will give a more complicated arrangement of 
inductance and capacity between this point and the line. The 
behavior of such combinations is, however, based upon the same 
principles as those which we will consider in detail in connection 
with this most simple arrangement. 

An impulse or wave of sufficiently short duration impinging 
upon this combination would be practically unfelt beyond the 
inductance L h since the current in the inductance would be zero 
at the first instant, and current must flow to charge the capacity 
- If the ln ductances and capacities were distinct concentrated 
quantities, as assumed, the voltage of this wave would be uni¬ 
formly distributed between the turns of inductances Li There 
is, however, a certain amount of capacity to ground distributed 
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with the inductance. In fact, a large part of the capacities 
shown concentrated in the figure are distributed near the ends of 
the inductances. This would effect the concentration of the 
voltage of an abrupt wave front over a very small number of 
turns, and in the ultimate conceivable limit, with a perfectly 
sheer wave front, over a single turn, if it were not for the fact 
that we have also capacities between turns. As in the winding 
already considered, these capacities between turns always effect 
the distribution of an abrupt voltage over a considerable number 
of turns, the voltage between adjacent turns being smaller, the 
larger the capacity between turns. 



Time in milliseconds 
Fig. 6 


Voltage oscillations set up by a traveling wave with abrupt front, in a winding with 
capacity localized as shown in the sketch. Plotted from equations (36a) and (37a). 
with Zi = 490 ohms, Li = Li =0.1 henry and Cz = 0.0005 m.f. 

With a wave of considerable duration, an oscillation is pro¬ 
duced, which is investigated mathematically in an appendix 
to this paper, the resulting voltages across L x and L 2 being plotted 
in Fig. 6 for the values Li = L 2 = 0.1 henry, C 2 = 0.0005 mf. 
and Z\ — 490 ohms. 

• If a wave of opposite polarity from the first one appears at the 
terminals of the winding at the end of the first or any odd num¬ 
bered half cycle of the oscillation due to the first wave front 
shown in Fig. 6, a new oscillation will be superposed upon the 
first one in phase with it, with a corresponding increase in am¬ 
plitude. With no damping in the winding, the amplitude of the 
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voltages which might be built up in this manner by a succession 
of wave fronts of opposite polarity, so timed as to be in resonance 
with the oscillations of the winding, depends upon the current 
supplied by the line. The reflection of the first wave at the 
transformer terminal produces a voltage antinode and current 
node at the entrance of the winding. As the resonant voltages 
build up across the parts of the winding, the high frequency 
current taken by the winding increases, gradually changing the 
voltage antinode and current node at the entrance to a voltage 
node and current antinode. This supplies the maximum current 
which can be delivered by the line and consequently limits the 
resonant voltages produced. 

The frequency of the oscillations expressed in equations (36) 
and (37) of the appendix, and represented in Fig. 6, at which 
resonant voltages may be built up as described above, is the 
same as the frequency of resonance which would be calculated 
from the ordinary impedance equations. Thus, for the parallel 
combination of L 2 and C 2 , at frequencies above its resonant fre¬ 
quency, the equivalent capacity impedance is (writing w for 
2 t rf): 


wC w C 2 _—- rtLtCt- 1 (17) 

wL? 

This equivalent capacity resonates with the series inductance Li 
at a frequency giving 



and from equations (17) and (18) we obtain 


w = V -^j- + L * ■ 

L\ L% C2 


(18) 


( 19 ) 


Or, when Li = L 2} dropping subscripts, 
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This is the value of c in equations (36b) and (37b) as shown in 
(36a) and (37a) of the appendix, and the frequency found in the 
oscillations of Fig. 6 is 




( 21 ) 


Assuming that L h L 2 and C 2 are not affected by frequency, 
and neglecting the internal losses of the winding, we may cal¬ 
culate the maximum voltages which would be produced by a 
sustained wave train of any frequency. As with the winding 
with uniformly distributed capacity, we will call maximum stand¬ 
ing wave voltage and current in the line E i and Ii and voltage 
and current at the entrance of the winding E and I. As in 
equations (2) and (3) 

E = Ei sin a (22) 

and 

I = Ii cos a (23) 

“a” being the fraction of a wave length in the line from the en¬ 
trance of the winding to what would be a nodal point corres¬ 
ponding to a short-circuited line. In the winding the voltage 
E must force the current I through the impedance 
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Having found a , the voltages across L 1 and L 2 are 
-Sli = 1 1 cos a wLi (max. value) 

and 


L h2 = 1 1 cos a 


i cos a —--— t- - 

1 W 2 L 2 Co 


(max. value) 


Or, in terms of the maximum voltage in 
the line, 


Ll l 2 


^L 2 _ WjL/2 

Ei ~ zT(l-^L 2 C 2 ) c ° Sa (30) 

The gradient of maximum instan¬ 
taneous voltage within the winding, 
and the standing wave voltage in the 
line, in accordance with equations (26), 
(29) and (30), are shown in Fig. 7 for 
the values 

Z\ — 490 ohms 
Li — L -2 = 0.1 henry 
C 2 = 0.0005 mf. 

and for various values of frequency 
selected with view to illustrating its 
effect upon internal voltages. L x , L- 2 
and C 2 are assumed to be constant 
independent values (not affected by 
frequency). A feature of incidental 
interest appears in the location of the 
voltage node (current antinode) in the 
line with respect to the entrance to the 
winding. 

We find the voltage antinode exact¬ 
ly at the entrance to the winding at the 
and C 2 are in resonance with each other, 
of inductance and capacity used, is 


E ; 

r "j' 

i 

, 

j 20000 jc 

'1 

' E 

r 

22300 c 


127500 [cycles] 


^ 3lfi OO cycles 

\ t A 


35qOOcycl[ 


Fig. 7 

Voltages in winding with 
capacity localized as shown, as 
related to the standing waves in 
the line, for different frequen¬ 
cies. Calculated from equations 
(29) and (30), with Z\ — 490 
ohms, L\ = Li ~ 0,1 henry and 
Ci = 0.0005 mf. 

frequency at which Z, 2 
■ This, for the value 


2 tt V l 2 a 


— 22,500 cycles. 


Neutral 

Point 
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Below this frequency this parallel combination acts like an in¬ 
ductance, of value increasing as the frequency increases and 
reaching infinity 


wLji 

1 — w 2 h * c> 


wLi 

T* 


» 


(31) 


at this resonant frequency. Above this frequency it acts like 
a capacity, of value increasing from zero at resonant frequency 
to the limiting value C 2 at very high frequencies. 

Below the frequency / = - /—■— the total arrangement 

2 7r V_L 2 C 2 

L h L 2 and C 2 acts as an inductance, the inductive impedance 


— | — being in series with wLi. The voltages E u and -E L3 

1 —w z L 2 C 2 

are in phase with each other, the value of the former diminishing 
to zero at this frequency, where the infinite impedance 

- lOLl — = do acts like open circuit. Between this frequency 

1 — w 2 L 2 C 2 


and the resonant frequency / 


1 

2 7r 


V ^ 1 —-~ at which the 
Ex E 2 C 2 


voltage node appears at the terminals, the total arrangement acts 
like a condenser, with value increasing from zero at the lower 
frequency to infinity at the higher frequency. The voltages 
E Ll and E L2 are in phase opposition, the voltage at the winding 
terminals being equal to their difference. The voltage E u 
grows from zero value at the lower frequency to a value limited 
by the maximum value of current in the line at the higher fre¬ 
quency. The voltage E L2 , which is the capacity or leading, 
voltage, is greater than the voltage E Ll by the amount of the 
voltage in the line at the winding terminals. Above the frequency 

f = V the voltages E u are E^ and still in 

2 7r Ex E 2 C 2 

phase opposition, but the voltage E u is larger than E L2 by the 
amount of the voltage at the winding terminals, and the total 
arrangement is acting like an inductance, increasing from zero to 
the limiting value Lx. At very high frequencies the voltage -E L2 
becomes very small, the voltage Eu being practically equal to 
the voltage in the line. 
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The variations in these internal voltages with the frequency, 
and that ot the voltage across the total combination, are shown 
in the curves of Fig. 8. 

^ e have discussed in detail the behavior of the arrangement 
Li, L° and C 2 . If the same winding (Fig. 5) were grounded at 
one end, or at some other point not the middle, or if a winding of 
more than four groups (six for instance) were grounded at the 
middle, assuming a simplification of the distribution of capacity 
such as shown m Fig. 5, there would still be a more complicated 
arrangement than the one we have considered. As already stated 
however, the same general principles would be involved in the 
behavior of any such arrangement. Detailed discussion is not 



7 f , t” TtV'T SeS “ Winding * tth ' ca P acit r localized as shown 
Plotteh from eqinitions^ (29) 3SV -T 9 0 T~r *“ W 

henry, and Cl = 0.0005 nif. • L ~ 490 ohms ’ Ll = = 0.1 


fmh” ff !uch *™**°**, but, by way of 

diai:" u sr. 0 Li: svr; ™ r t f,s - 9 *- * 

nal volta.es to sho “ ln e lhe relation of inter- 

utth ttae groups „f 

S 8 2 ? iioe md * «■<»** “ n :z; 

correspoud, a™ to « these diagrams 


tan a = 


___ jg_q 2 + £3) - B>» L 2 Li c z 
{LiCi+L^+L^) 
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-^r 1 - = ~ wLi cos a (33) 

Jli L\ 

Eu _ _1__ - w 3 Li Ls Cs _ 

Ei Z\ 1 — w 2 (Li Ci + L% C% L$ Ci) + w i Li Ls C% Ca 

(34) 



Voltages in winding with capacity localized as shown, as related to standing 
waves in the line, for different frequencies. Calculated from equations (37), 
(38) and (39), with Zi - 490 ohms, Li = Li = Lz = 0.1 henry and C 2 = 
C 3 = 0.0005 mf. 


and 

E± = J__«£*_cos a 

Ei Zi 1 — w 2 (i 2 Cz +.Lz Cz + Lz C2) + w^L^Lz C2 Cz 

(35) 

With all inductance units equal and all capacity units equal we 
drop the subscripts and write: 
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3 wL - 4w 3 L 2 C + w 6 U C 2 
1 - Zw 2 LC + w 4 L 2 C 2 


■Eli 1 T 
“ET- = W L cos a 
Z\ 


wL — w 3 L 2 C 
"3w 2 LC + w 4 L 2 C 2 


E x Z i 1 - 3^ 2 LC + w 4 L 2 C 2 a 

Several eases of resonance, at different frequencies, are found 
in these diagrams. It will be noticed that high voltages occur 
across some of the inductance units, at different frequencies, 
but not always across all at the same frequency. The variations 
in the internal voltages of this combination with the frequency 
are shown in Fig. 10. 

As with the winding of distributed capacity, the damping due 
to the internal losses prevents the building up of the excessive 
voltages found above. These voltages can be built up only by 
the admission of small amounts of energy by the inductance L{ 
from the successive wave fronts of a high-frequency train. The 
dielectric losses in the winding increase as the voltage builds up 
until the energy absorbed is equal to the energy admitted. These 
losses are even higher in windings of this type than in those with 
distributed inductance and capacity, and probably restrict the 
voltages to a small fraction of those found above. 

It has already been mentioned that in any case a certain 
amount of capacity will be found distributed with the inductances 

f 1 .’ I: f C \ \ 1S obvious ’ therefore, that at frequencies suf¬ 
ficiently high, these parts of this winding may behave in a man¬ 
ner somewhat similar to the winding with distributed inductance 
and capacity That is, standing waves may be set up within the 
individual coils or groups of the winding. Frequencies giving 
these results are produced by discharges at or near the terminals 
of the transformer and such discharges produce the most danger- 
ous condition with respect to the insulation between turns. On 
the other hand, the most dangerous condition with respect to the 
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insulation between the winding and ground (low-voltage winding 
and core) is produced by. the frequencies producing resonance 
between groups. The frequencies producing dangerous volt¬ 
ages between turns are much higher than these. 

Effects of Normal Frequency Currents and Voltages. No con¬ 
sideration has been given in the foregoing discussions to the 
effects of the normal voltages and currents existing in the wind¬ 
ings of the transformer before the arrival of the steep wave front 
and the high-frequency wave train. A statement of the principle 



Fig. 10 

Effect of' frequency upon voltages in winding with capacity local ; zed as shown 
in Fig. 9, in terms of maximum standing wave voltage in the line. Plotted 
from equations (37), (38) and (39), with Zi = 490 ohms, Li = Li = Ls = 

0.1 henry and Ci — Ci — 0.005 mf. 

facts involved will be sufficient answer for the questions arising 
in this direction. 

It is evident that the distribution of voltage in a circuit or 
winding can not be disturbed or altered by the flowing of currents 
of equal value throughout the entire circuit, or by any changes in 
current which occur uniformly throughout the entire circuit, so 
that at any given instant the same value of current flows at 
every point in the circuit. Even the normal variations of voltage 
within a transformer winding having capacity are accompanied 
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by the flow of charging currents which traverse only portions of 
the winding to supply the charges corresponding to the voltage 
changes of the capacity which is located within the winding. 
These currents are normal frequency currents, controlled by the 
normal flux variations which bind the charges supplied. These 
currents are ordinarily very small as compared with the normal 
frequency load or exciting currents which flow with equal value 
throughout the winding and upon which they are superposed. 

Now the current of a traveling wave entering the winding is 
only that required to change the potential of the winding to 
correspond with the voltage of the wave. The magnitude of this 
current will not be affected by currents already flowing with 
equal value throughout the winding. Moreover, the normal fre¬ 
quency charging current of the winding is negligibly small as 
compared with that of the traveling wave and need not be con¬ 
sidered. The w r ave current is merely superposed upon the pre¬ 
viously existing current. 

The wave current is still small as compared with the normal 
• load current of the transformer, so that if a transformer is loaded, 
the entrance of the first wave of an oscillation has small effect 
upon the actual resultant current. High frequency currents of 
considerable value might, as we have seen, be built up within 
the winding by sustained wave trains or oscillations at resonat¬ 
ing frequencies, except for the heavy internal damping due to 
dielectric loss at these high frequencies and with the high ac¬ 
companying voltages. Due to this damping, these currents 
are still relatively small. In any event they may still be looked 
upon as merely superposed upon the current with equal value 
throughout the winding, produced by the voltage impressed 
from normal source, although this latter current may become 
changed from its imtial value. It does, in fact, change in normal 
operation, since it is an alternating current, but it may also be 
changed by the conditions producing the oscillation, as by short 
circuit, for instance. Thus, in the case of short circuit beginning 
with an oscillation, w r e have the oscillatory current superposed 
upon the current from the generator which has uniform value 
throughout the transformer winding at any instant, but which 
changes cyclically in time with the normal frequency of the gen¬ 
erator, and more or less gradually from the initial to the final 
value. 

Questions as to the effects of the initial or normally changing 
voltages or voltage distributions of the windings upon the 
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voltages set up by waves and oscillations have already been 
answered implicitly in the above discussion of the effects of 
currents, on account of the perfectly definite relation between 
voltages and currents in any circuit with respect either to 
steady or gradually changing conditions or to oscillations. 
The statement may be made general, therefore, with respect 
to both voltage and current, that the initial current and volt¬ 
age of the transformer will have no effects upon the results of 
a steep wave front or high-frequency wave train except in so 
far as they may fix the conditions which set up the oscillation, 
and so determine its character, and in so far as the actual con¬ 
ditions of current and voltage set up are due to the superposi¬ 
tion of the oscillatory or traveling wave currents and voltages 
upon a value of current and a voltage gradient which is uniform 
throughout the winding and which is arrived at by a process 
of gradual change from the initial value. 

Effect of the Core and its State of Magnetization. It is neces¬ 
sary to consider the effect of the transformer core and its state 
of magnetization upon the behavior of the windings when sub¬ 
jected to a high-frequency disturbance. The statement of 
some fundamental facts will help to clear up these questions also. 

The variation of the flux in the core in response to the volt¬ 
age applied at normal operating frequencies, and the relation 
of the magnetic density to the exciting current, are well under¬ 
stood. It is also known that the core responds in the same 
general manner at high frequencies, the chief differences be¬ 
tween the behavior at high frequency and at low frequency 
being the apparent reduction in permeability due to the re¬ 
striction of flux from the center of the sheets by skin effect, 
and the increased eddy current and hysteresis losses for a 
given flux variation. None of these considerations are im¬ 
portant, however, since the flux variations corresponding to. 
any high-frequency voltage which may be impressed will al¬ 
ways be small. 

The behavior of the windings with respect to the core at 
high frequency will differ from that at operating frequencies 
in that a small part of one of the windings may act as primary 
with respect not only to the other winding but also with respect 
to the remaining part of the same winding. Moreover the 
portion of the winding acting as primary is variable from in¬ 
stant to instant. Thus if we consider a traveling wave enter¬ 
ing the winding with distributed capacity, the first turns act 
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as primary with respect to all the other turns, whereas a little 
later the number of turns acting as primary turns will have 
increased. As the entering wave traverses the first part of the 
winding, the distributed capacity permits the setting up of 
reverse currents in the remaining part of the winding, as well 
as in the opposite winding, which correspond to a condition 
of short circuited secondary, even though the other windings 
were open circuited. The result is that the flux set up by 
the wave is practically all leakage flux occupying only a small 
portion of the core. If the wave be a long one, the secondary 
currents soon cease, with the charging of the available capacity, 
and the condition is changed from one of short circuit to one 
of open circuit. The flux due to the traveling wave thus comes 
to occupy the complete magnetic circuit of the core, resulting 
in a large increase in the inductance per unit length of winding. 
If the other winding be connected to a closed circuit, these 
conditions will be affected only in so far as current can be drawn 
from the other circuit. This requires voltage, and involves 
the transformation of the wave from one winding to the other. 

If we consider the case of standing waves set up within the 
winding, the amplitude of all of the waves being the same, 
we will in general find a fractional excess of positive or nega¬ 
tive half waves of current within the winding. 

This gives an excess of positive or negative ampere turns 
which magnetizes the core, and so generates a voltage 
throughout the entire winding which is. counter to the 
voltage in the line at the transformer terminals. The internal 
standing wave voltages are superposed upon this voltage. 
Within certain ranges of frequency or lengths of winding, i.e ., 

of the ratio the standing wave current entering the wind- 

ing is restricted and consequently the internal standing wave 
voltages restricted, by the condition that the distributed 
voltage, can not exceed the standing wave voltage found 
in the line at the terminals of the transformer. For the fre¬ 
quency giving the maximum internal voltages, however, i.e., 
with a voltage node and current antinode at the entrance, 
there is no such restriction, since there are equal numbers of 
positive and negative half waves of current within the winding. 

Similar restrictions will be found with the winding in 'which 
capacity and. inductance are separated into alternate more or 
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less concentrated amounts, but will not appear at resonant 
frequencies, since equal amounts of positive and negative cur¬ 
rent will be found within the inductances of the winding. 

The high-frequency flux set up within the core by an excess 
of positive or negative ampere-turns generates voltages not 
only in the winding upon which the high-frequency disturbance 
is impressed but also in the other winding. Charging current 
set up by this voltage in the second winding is in phase with 
the excitation, and tends to increase the voltage. Excess volt¬ 
ages may be thus built up in this winding at its resonant fre¬ 
quency. 

While the transformer core no doubt has an important influence 
on the behavior of the windings at high frequency, this in¬ 
fluence is not affected by its initial state of magnetization except 
in so far as its permeability is affected. The voltages generated 
by flux in the core are distributed throughout the windings, 
and depend in a regular manner upon the unbalanced ampere 
turns and the high-frequency permeability of the core, in its 
existing state of saturation. 

Conclusion 

The above analysis of the behavior of transformer windings 
is by no means complete, but such an examination of the funda¬ 
mental facts and principles involved gives us a clearer insight 
into the nature of the excessive internal voltages which, as shown 
by experience, are produced in practise. This will enable us to 
guard against these voltages in a more scientific and economical 
manner. It is expected that this will constitute the subject of 
a subsequent paper. 

APPENDIX 

The behavior of the combination of inductance and capacity 
represented in Fig. 6, at the end of a transmission line, when a 
wave with steep front and of considerable length strikes it, is 
investigated as follows; 

The reflection in the line is at the first instant complete, as at 
the open end of a line, giving double voltage and zero current. 
If the voltage of the original wave is E x and the current I 1} the 
reflected voltage and current at the first instant are (jEi') 0 = E x 
and (Ji')o = — Ji. At a subsequent instant the numerical value 
of the reflected current is reduced by the current flowing through 
the inductance L h and the voltage impressed on the transformer 
is correspondingly reduced. 
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The voltage at the terminals of the transformer to any instant is 

E = E 1 + Ei' (1) 

This voltage appears across the inductance L i and the parallel 
arrangement L 2 C 2 , so that we also have 


27 _ 7 dlu i r Hl.2 

E ~ Ll ~dT +L *-dT 


where I u and J L2 are the respective currents flowing in induct¬ 
ances Li and L 2 . 

In the line we have 

E 1 = h Zi (3) 

and 

Ei = - I\ Zi (4) 

and the current in the inductance Li is 


Ili — I\ + I\ 


so that 


- Ii — I i — J L , 


This value in (4) gives 


whence 


Si' = (A - IJ Zi 


Si' = Si ~ Iu 


Substituting this value in (1) gives 

E = 2E t ~I u Z x 
and this with equation (2) gives 


2Ei = L t +L,-*E 


Iu Zi 


Now, considering voltage in the parallel elements C 2 and L 2 
we have 


II L2 

dt 


( 10 ) 
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whence 

A2T 

I Ci = C% Li -iff- (11) 

We also have 

Ic, + = Iu ( 12 ) 

whence 

Iu = Iu + C 2 U (13) 

Substituting (13) in (9), and transforming, 

d 3 I LI Zi d 2 J u ii + U d I u Z 1 

dt 3 ' Li dt 2 ^ULiCi dt ^ LxLiCi L! 


2 Ei 
Li JLi Ci 


and substituting 



2E\ 

Z 1 


(14) 


(15) 


we get 

d 3 I Zi d 2 I Li + Li dl 

di ! 3 + L 1 di 2 + iiL 2 C 2 + U UCi 

The solution of this equation is 

I = Aie Xil + Aie x *.+ A 3 e x *‘ 

Xi, Xi and *3 being the roots of the auxiliary equation 


, 1 Zi , L\ -f- Li 

x 3 + y- x 2 + =-=■-— ■ 

Jbi JLi L /2 O2 


(16) 

(17) 

(18) 


It is known that all of these roots are negative, since all of the 
coefficients of equation (18) are positive. We may, however, 
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substitute positive numerical values with the negative sign 
prefixed. Instead of equation (17), then, we may write 

I = Aie~ ait + A 2 e~ a - 1 + A 3 e~ a s* ( 19 ) 

in which &i, a 2 and a 3 will be positive. 

For the ranges of values of the constants appearing in the 
coefficients of equation (18), it will contain a pair of complex 
imaginary roots. In this case, instead of a u a 2 and a h we may 
write a, (b - jc) and (b + jc), and for purposes of calculation, it 
vill be convenient to write equation (19) in trigonometric form. 
Thus, instead of 


we have 


+ A 2 e-( b -M‘ + A 3 g-(»+>«)/ 


I - Ae at + e bl (B cos ct + C sin ct) 


This equation represents a condition of damped oscillation 
superposed upon a condition of decay. 

It is not easy to obtain the roots of equation (18) in terms of the 
constants involved in the equation, but the numerical values of 
the constants may be substituted for any particular case, and the 
solution obtained for the particular case. It is necessary also 
to determine the constants A 1} A 2 and A 8 or A , B and C. Having 
determined the constants A u A, and A s ; A, B and C may be 
determined independently, or from the relations 

A = A i j 

B — {A 2 ~\- Az) \ ( oo\ 

and C =j(A 2 -A 3 ) ) (22) 

For determining these constants, since J L: and J Cl are zero at 
the first instant, equations (15) and ( 11 ) give 


I = - 
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Substituting these values in (19) and its derivatives, 

we obtain 

Ai + A 2 + A 3 — ^ 

(24) 

d\ Ai -j- &2 A 2 dz A 3 = 0 

(25) 

and 


<Zl 2 Ai + # 2 2 A 2 ^3 2 ^3 = 0 

(26) 

whence 


. &2 <2-3 2 Ei 

A — --- - 

(jji 3 — d\) ( d\ — do) Z\ 

(27) 

didz 2 Ei 

2 ~ (a i — a 2 ) (a 2 — a 3 ) Zi 

(28) 

and 


&i #2 2 Ei 

(Q'2 — & 3 ) (#3 Gl) Z\ 

(29) 

Substituting these values in equation (19), we have 


2 Ei r a 2 a 3 | 0,1 0,3 ... 

Zi LOs - ai) (ai - a 2 ) 1 (a x - a 2 ) (a 2 - 


•a 3 ) 

, _5l« 2_e-oafl 

(ai - a 3 ) (as - «i) J 

(30) 

Now we wish to determine the voltages across the inductance 
Li and L 2 . These are 

dl j rr t ^-^L 2 

£li " Ll dt and £lz ia dt 

(31) 


For the latter, we obtain from equation (15) 
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whence, substituting the value of I from (30), we have 


E u = - 2 eM\ -- 03 

Lw ~ &i) (ax — i 


| dl do dz _ 

( .d\ < 22 ) ( d% dz) 


d\ &2 dz 


(d2 ~ dz) (dz — dl) 


] (33) 


We now obtain h - Ll - from equation (13). 




Substituting the quantities in the parenthesis from equations 

(15) and (30), performing the required differentiations and sim- 
plifying, we have 


E u = - 2 E l — 1 f (! + C2 Lj of) ffil 

•^1 L (&3 — ffi) (ai — a 2 ) 


■ (1 + C2 u do~) dl d2 dz 

I --r—-—----- p~ dll 

\di — <^2) (<22 — dz) 

H 

4 (1 + Ci Li a s 2 ) a^ <u a* “I 

e J ( 36 > 

When the values of the constants in equation (18) are such as 
° give two complex imaginary roots, equations ( 33 ) and ( 35 ) 
are both transformed to the trigonometric form. The proper 

and 0 . btamed directl y from those of equations (33) 

h 5 b5 f , he / eatl ° nS given in ( 22 )- The roots a, and a 3 
now being of the form b -jc, and & + jc, this gives 


9. w. b a (& 2 + c 2 ) 

1 >y ~~o I 7 — -^ 


L\ c 2 -j- (0 


<y) r 

-by l 


e oi — e - ht l cos ct — 


a — b . \ 

—-— sm ctj 
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- e~ bl ^ 1 + Ci Li ( 2 at - b 2 - c 2 )^ cos ct 
_ a ~ & ~l~ Cj Li j fr 2 (fi — b) — c 2 (fl 4~&)} ^ J | 


It has been found by Mr. J. E. Clem, who calculated the curves 
for this paper, that within the range where we apply the above 
equations the following simplifications are possible: 

We have ass um ed L x and L 2 equal, and have therefore but one 
value of inductance as well as one of capacity. Dropping the 
subscripts, we have for equation (18) 


+ L * 2 + LC X + 


Zi 2 

Within the range of values used, is very small as com¬ 


pared with ~y~t ■ The above equation may therefore, with suf- 

JL/ C 

ficient accuracy, be written 


X 3 + X 2 + (■ 


2 , Zl 2 \ , Zx _ n 
LC + 4L 2 ) X + L 2 C ° 


This equation is factored, giving 


(* + (* 2 + IT x + Tc) = 


The first factor gives 
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x 


Zi_ 

4L 


V ?! 


16 U 


2 

CL 


But 


^i 2 

16 U 


may be neglected; whence, 


Zi 

4L 


±i 


iVN 

CL 


The oscillatory case applies, with 


a. 



Zi 

4JL 


and c 



Substituting these values in equations (36) and (37) anc 

+ - n I that “ 2 and h ' are small > as compared with c\ it 
hat these equations are represented with sufficient acci 
the following: 


and 




Written in the 


5 Zi 

4 \/ 2Z - 
C 



general form, these equations are 


and 


fcg 

r 

II 

tq 

er at — e -bi 

j cos ct — — sin ct ) 

i 

- 

\ c ) 


e~ al + e- ^ cos ct-~ s i n ct ^ 


Eu = -Ei 
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Discussion on “ Abnormal Voltages in Transformers ” 
(Weed), San Francisco, Cal., Sept. 17, 1915. 

R. W. Sorensen: I wish to bring before this transmission 
session the outline of a method of eliminating by means of trans¬ 
formers, abnormal voltages in an extensive high-voltage tran 
mission and distribution system operating in Southern California. 

This svstem when completed was practically as is shown in 
j?£cr t l with this exception: at the station marked Vernon 
there was no bank of transformers installed for the suppression 
of disturbances as given in the diagram. Thus it will be seen 
that the distribution network was made up of approximately 
250 miles of 18-kv. line and 100 
miles of 60-kv. line, all three- 
phase, and interconnected at 
Eagle Rock, as shown, and also 
at Vernon and at another point 
50 miles from Vernon through 
delta-delta transformer banks, 
these latter connections not 
being shown in the diagram. 

Added to this there is, of course, 
the 3-phase, 150-kv. transmis¬ 
sion line feeding the Eagle Rock 
station. 

At a number of points on the 
18-kv. system are substations 
stepping the voltage down from 
18,000 to 2400 volts for local 
distribution. Shortly after the 
entire system including the 150- 
kv. and the 60-kv. lines had 

been put into service, there were L J-1 1 

a number of serious interruptions Fig. i 

disastrous both to service and 

apparatus. These interruptions were due to discharges from 
the 18,000-volt lines to ground in various parts of the 18,000- 
volt system, there being apparently no definite point of discharge. 
When these discharges occurred and one phase of the lines was 
thus grounded there usually followed one or more other dis¬ 
charges at various points on the system, these subsequent 
break-downs or grounds, as we termed them, occurring frequently 
as far as 50 miles away from the point of the first ground. An 
examination of the places where these resulting, or secondary 
grounds occurred showed clearly in a number of cases the so- 
called “ spatteration ” effect so often produced by high-fre¬ 
quency discharges. Further, the distances jumped by these dis¬ 
charges forming the grounds indicated either very high-frequency 
surges or wave .fronts of alarming potentials in the system. In 
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tact, so certain were we of the evidences that such high-frequency 
disturbances were taking place that without resorting to oscil¬ 
lograph^ tests we came to the conclusion that some means must 
be provided to absorb the surges starting from a ground occurring 
some place on the system. 5 

Some of my former experiences naturally led to the adoption 
as a means of accomplishing this result of a bank of trans¬ 
formers connected star-delta, as shown in the station marked 
,V ernon on the diagram previously referred to. In this particular 
instance there was already at Vernon three 5000 kv-a trans¬ 
formers rated 60,000 volts high-tension and 15,000 volts low- 
ension which were not in use. These transformers were 
arranged m a three-phase bank, the low-tension windings being 
^^® Cted Star ^ d t j 1 ® neutral grounded, and the high-tension 
dings connected delta. The low tension terminals of the 

the wlf? * en f? + nected t0 . the 18,000-volt 3-phase system, 
K h tension delt f connection being left to float free rather 
than being connected to any lines of the system, thereby being 
allowed to serve entirely the purpose of a damping circuit fof 

STtftS f un ' ent tendin S to flow between one 

!8,000-volt 3-phase system and the neutral should 
a phase for an}* reason become grounded. More than a vear 

?L?ed r fn tuo Vlth t th K arrai ^ ement with less trouble than oc- 

sSmd it^^f I kS bef ° re ^- WaS put int0 service has demon¬ 
strated its entire success on this system in confining the damage 

done by grounds definitely to the point of first |round “hus 

St£ S sStem° Ub Thfc ; 10CaLtrOUble r r ^ er than one involving the 
ntire sjstem. This was accomplished by damping out bv 

circulating current m the bank of transfers the Lergy of 

surges set up when one phase of a system in which there i a 

comparatively large amount of electrostatic capacity becomes 

grounded, ratner than allowing this energy to take the foSTof 

high voltage strains resulting in more L or less damaot 

aiso e tha?theI° 1Vin I the 6nti - e SyStem in a shu l-down. & I think 
la^ °^l“’h-frequ«icy ^oscil" 

grounded. p se of the system becomes 

type Of tranrfimSr 0 SilfiIg j^ e iSble P to P £™ S’ 788 " 1 that “t 7 
ares produced in it. Now i £ 
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excess voltages do not do any damage the oscillation must 
be dampened out before these voltages can rise to high enough 
values to puncture the insulation. 

It seems to be a general conclusion among many operating 
men that troubles due to surges occur more readily when lines 
are lightly loaded than when they are heavily loaded, although 
Mr. Weed does not make that point in his paper. I would like 
to ask him if he thinks that the extra losses due to hotter lines 
and hotter transformers, that is, increased copper loss and per¬ 
haps more particularly the tremendous extra loss in the insulation 
which occurs at the higher temperatures under load, account for 
this apparent effect of dampening out surge voltages. 

Percy H. Thomas: There is a well known condition in which 
trouble such as Mr. Sorensen describes would occur from that sort 
of connection without the existence of any particular surges, and 
perhaps he can tell us off-hand whether that may be the condition; 
that is to say, if we have 150,000-volt transmission system and 
lowering transformers, we will say, 15,000-volt secondaries, 
and the circuits connected to the secondaries are not definitely 
grounded at any point, then by virtue of the electrostatic capac¬ 
ity between the primary and secondary windings of the step- 
down transformers any disturbance of the potential on the 
150,000-volt circuit would tend to produce a high electro¬ 
static potential on the 15,000-volt circuit. That would cause 
such demonstrations as he speaks of. This condition of induction 
must be met in all circuits, of course, where the 15,000-volt or 
the secondary system is one of small electrostatic capacity. 
You could not operate such a small capacity system without a 
dead ground or a lightning arrester on the secondary circuit. 

I would like to ask whether there was any ground on the cir¬ 
cuit in the present case before this addition of the 60,000-volt 
and 15,000-volt transformers, and whether it is not possible that 
the grounding of this circuit was sufficient to eliminate the trouble 
merely by keeping the 15,000-volt circuit at its normal potential. 

R. W. Sorensen: I would answer Mr. Thomas’s inquiry by 
saying that both the ground and the delta secondary are neces¬ 
sary at Vernon, as there appeared to be no difference in the 
severity of the disturbance with or without the ground connection 
at Redondo, as shown on the diagram, prior to the installation 
at Vernon of the transformer arrangement for the suppression 
of disturbances. Some of the disturbances, which occurred 
apparently without any definitely determinable provocation, must 
undoubtedly have been occasioned by the very thing mentioned 
by Mr. Thomas, as then the discharge of the large line capaci¬ 
tance through the inductance of the line and ground thus formed 
would generate enough voltage to give one or more other break¬ 
downs to the ground, there being in a few eases a half dozen or 
more grounds occurring at apparently the same time, the light¬ 
ning arresters at such time appearing to be no good, because these 
high-frequency discharges were beyond their range of operation. 
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. I might add that although no oscillograph tests were made 
directly on the system, laboratory tests under conditions ap¬ 
proximating those of the system were made, oscillograms of 
which showed well the remarkable smoothing up of current 
and voltage waves in the system by the introduction of a bank 
of transformers connected in the manner described in my discus¬ 
sion. 

J. M. Weed: Mr. Brand’s question brings up a point which 
may not have been properly emphasized in the paper, namely, 
that the voltages found by the calculations and represented 
by the curves are not produced in the actual transformer. This 
is principally due to two things, first, the fact that in practise 
high-frequency wave trains are not sustained long enough to 
produce these maximum voltages, and second, the fact that the 
internal losses, which have been neglected in the calculations, 
are active in absorbing the energy which produces these volt- 
ages. The greater these losses, the smaller will be the voltages 
which are produced. The most important element of these 
losses is the dielectric loss in the insulation, and since this loss 
increases very rapidly with increase of temperature the voltages 
produced in a hot transformer by a given high-frequency dis¬ 
turbance will certainly be lower than those produced in a cold 
one. . In so far, therefore, as the temperature of a transformer 
is raised by its load, the internal voltages produced by high- 
frequency disturbances will be reduced thereby 
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CALCULATION OF SUDDEN SHORT-CIRCUIT 
PHENOMENA OF ALTERNATORS 

BY N. S. DIAMANT 


Abstract of Paper 

The theory, and explanation of the electromagnetic phenomena 
involved in the sudden short circuit of alternators, as given 
by Berg and Boucherot, is first briefly considered. It is shown 
how complex the different resistances and reactances are that 
enter the equations of sudden short circuits. 

New methods are developed for the experimental determina¬ 
tion of these quantities by simply determining the rise of direct 
current in the field and armature circuits.^ (See II) Also new 
simple methods are given, based on theoretical equations, for the 
calculation of short circuits directly from oscillographic re¬ 
cords. (See IV). 

Data relating to the short circuit of a 45-kv-a. alternator 
are given; also an electrical device, designed by the writer and 
used in most of the tests, for short-circuiting a machine at any 
given point of the e.m.f. wave, is described. (See III). 

As a whole, an attempt is made throughout the paper to 
put calculations of sudden short circuits on a sound rational 
basis and to test the correctness of the theories given. 

The paper is divided into the following self-explanatory sec¬ 
tions: I—General theory and explanation of the electromag¬ 
netic phenomena of sudden short circuits of alternators. II— 
Experimental methods for the determination of alternator con¬ 
stants. Ill—Sudden short-circuit tests. Three-phase, single¬ 
phase, etc. IV—Methods of calculation. V—Determination 
of armature reactance (impedance). VI—Effect on supply. 

VII—Critical rdsum6 and some conclusions. VIII—Descrip¬ 
tion of apparatus and list of symbols. 

Introduction 

A MONG the transient phenomena which have within less 
than a decade assumed such an important role in the 
development and progress of electrical engineering, those of 
sudden short circuits of dynamo-electric machinery, in general, 
and of alternators, in particular, stand by themselves, both on 
account of their importance and extreme complexity and diffi¬ 
culty. Confining attention to the latter only, which affects so 
vitally large central stations, railways, etc. it will be found that 
our knowledge of the subject is not very thorough, and that the 
little that has been published is descriptive, qualitative and 
empirical rather than analytical and quantitative. The rea- 
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son for this is not far to seek when it is remembered that even the 
subject of regulation, very important as it was in the earlier 
days, after having for so many years taxed the ability and in¬ 
genuity of so many brilliant engineers, is hardly considered 
at present as completely solved. 

In the sudden short circuit of alternators, the same quantities, 
namely, armature reaction and leakage reactance, which affect 
regulation, enter the problem. Besides these, however, the 
leakage reactance of the field and its resistance have to be con¬ 
sidered, with the further complication that one is a normal and 
permanent phenomenon while the other is an abnormal and 
transient. 

In the following an attempt is made to deal with this impor¬ 
tant subject analytically and experimentally. The theory is 
first considered, briefly, and then the methods developed by the 
author for the practical calculation of short-circuit characteris¬ 
tics of alternators are outlined; also approximate methods for 
testing the correctness of the theories are indicated. At the end 
a critical resume bearing on three-phase short circuits, and some 
conclusions, based on theory and experiment, are given; these 
■null enable one to get some of the principal points brought out 
without studying the paper in detail. 


I. General Theory and Explanation of the Electro¬ 
magnetic Phenomena of Sudden Short Circuits 
of Alternators 

There has been considerable discussion on the subject, before 
technical societies, especially, in connection with “ current- 
himtmg reactors.” In this way indirectly, and through some 

valuable articles in technical periodicals, interesting practical 
experiences have been recorded. But as far as the phenomenon 
of short circuits is concerned, it is not uncommon to find indefi¬ 
nite statements and incorrect ideas and theories. Therefore 
it seems desirable to give at first the general theory as proposed 
ky Drs. E. J. Berg and Paul Boucherot. 

T , he °- y ' 1 In order t0 dx our ideas, let us assume that 

voiST T “ n f Hght at ful1 speed and generating normal 
ltage. Just before short circuit the field m.m.f., acting alone 

a C r tainflux ’ whidl links with the armature 

eTch e o b! S r W l ClrCmtS arS “ mUtUally “ du etive relation to 
each other like the primary and secondary of a static transformer. 
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At the instant of short circuit, there is a great rush of current 
in the armature which causes a variable pulsating magnetomo¬ 
tive force. This m.m.f., which was absent before the short 
circuit, sets up a varying flux and owing to the mutually induc¬ 
tive relation of the two circuits—armature and field—large 
electromotive forces are induced in the closed field circuit which 
in turn cause large currents to circulate. 

Naturally, by Lenz’s law, this current in the field tends to 
neutr aliz e its cause, and thus the m.m.f. of the field tends to 
oppose the m.m.f. of the armature. Furthermore, it is known 
that the flux in the armature after a short time is reduced to that 
corresponding to the permanent short-circuit condition due to 
armature reaction. 

Thus the flux in the armature, somehow or other, dies down 

from $> n = 'f’normal to hp sh = ^permanent short- Assuming that 
the initial field and armature m.m.fs. are equal and oppo¬ 
site, the flux in the armature will then decay approximately 
according to a simple exponential; consequently, the e.m.f. pro¬ 
duced by this decaying flux will be: 

Ei e~ a f e sin 9 (1) 


where a f is the damping or attenuation factor of the field struc¬ 
ture and Ei is the maximum e.m.f. corresponding to the flux 
($ n — <t> p3A ). The part of the flux which persists during the 
permanent short circuit, produces an e.m.f., E 2 sin 9, just 
sufficient to send the armature current through its impedance. 

In this manner, the e.m.f. of each phase can be separated into 
two parts: one transient, corresponding to ($„ — $>*,«>»), the 
other permanent, and equal to the impedance drop under per¬ 
manent short circuit. In general, the armature e.m.f. before 
short circuit is 


e a = (Ei e-«f (■»->>) + E 2 ) sin 6 (2) 


where 9i is the time phase of the e.mfi. wave at which the short 
circuit happens to occur. By means of this simple analysis the 
phenomenon is reduced to a transient for which, according to 
Kirchhoff’s law, 


. , d~?a 

6a 3=1 ^aTa “1 


(3) 


where i a is the armature current at any time 9 after the short 
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circuit, and r a and x a are the armature resistance and leakage 
reactance, respectively. 

Introducing the boundary condition that at 6 — 6i, i.e. at the 
instant of short circuit the armature current is zero, the follow¬ 
ing expression can readily be obtained: 2 

*. = X" ' si n (.0 - /?) 

+ sin (0 - ft) ~ e— '<*(»- L . sin ^ 


sin - jSj) 


The meaning of the new symbols being: z a = Vr a 2 + * a 2 = arma¬ 
ture impedance; « a = r a /x a = arm ature attenuation factor; R/X 
= a a - a,; Z = Vf ? 2 + Z 2 ; /3 = tan " 1 X/R; ft = tarn 1 

%a/fa- 

The above equation can be simplified by assumin g /3 = /3 X 

= 90 deg.; it will be found convenient to write it in the following 
form: 

(A + B) e-a w-»*> cos 6\ - A €-<7 cos 0- B cos 0 (5) 

From (5), if desired, the armature magnetomotive force, power, 
field current, etc., can be obtained. 

Boucherot’s Theory, s The above theory, characterized by its 
great simplicity, may be termed the e.m.f. theory in distinction 
to Boucherot’s flux theory, as it may be called, which deals with 
fluxes and coefficients of induction. Thus, to simplify matters, 
consider a two-phase alternator in which there will be no mutual 
induction b etween the phases. 

2. Equation (3) belongs to the well known type of linear differential 
. dy 

equations, — Py + Q, where P is assumed to be constant and Q is 

f f “ nCtl ° n ,° f , the * ime an 2 le 0' 14 is necessary to give the solution 

Equations 6 ^ 11 ^ ** f ° Und “ any standard text on Differential 

Int ES'VfiTm 0 ” 1 ’” 5 - mu T ™' r “ y ' B ““- S “- 
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As already explained, the flux in the field during short circuit 
passes from a value <£/ to a smaller value & pS h- If M be the maxi¬ 
mum mutual induction between field and armature, Mif will 
be the maximum flux enclosed by any given phase, and, if the 
short circuit occurs at the time t\ = 6 i/ to = 0i/2w ft., then 
evidently 

Mif cos di = (p a (6) 

will be the flux enclosed by phase A, for instance, at the first 
instant of the short circuit, and 

MI/ cos (to t + di) = Mif cos ( 0 + 0i) (7) 

at any time, t , after the short circuit; in (6) and (7) I f and if are 
the field currents before and after short circuit, respectively.' 

Corresponding to the above there will be two similar equations 
for the second phase, B , 

M 1/ sin 0i = < fib, (®) 

and . /f\\ 

M if sin (co t + 0i) = M if sin (0 + 0i) (®) 

Since the armature resistance is always small compared to its 
reactance it can be assumed that the final flux in the armature 
during permanent short circuit will be zero. According to the 
above then there is a change of flux in the field from to and 
in the two phases, from <j> a to zero, and <£& to zero. Making the 
simplest possible assumption, as before, that these fluxes decay 
according to simple exponentials, and applying Kirchhoff’s law 
to the different magnetic circuits of the machine the following 
set of equations is obtained : 

M COS (0 + 0l) if + La ia = <j>a 6~ aa ° 

M sin (0 + 0i) if + L h % = 0& 

M cos (0 + 0i) i a + M sin (0 + 0i) % + L f i f 

= 4“ (A?n — Qpsh) 

where L a and L h are the coefficients of self-induction of the 
two phases. 

These equations state in a mathematical short-hand what the 
flux in each circuit consists of. Translating these into English, 
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the first states that by virtue of the mutual induction which 
exists between phase A and the field, the total flux in A 7 <i> 0 €~ a a d 

Q 

at any time, t = —, is the sum of the mutually inductive flux 

coming from the field and the self-inductive flux of the phase 
itself. Similarly with the other expressions. 

A little consideration will show that according to this method 
there will be a different set of equations for single-phase and three- 
phase short circuits, with and without amortisseur windings, etc. 
Indeed, in case of three-phase short circuits there is the mutual 
induction between the phases which comes in and complicates 
greatly the mathematical solution of the problem and though 
of great commercial importance, this case has not been worked out 
by Boucherot. 

The solution of the above set of equations, or any other for 
that matter, is not very simple and too long to be introduced 
here. For further details the original memoire must be consulted. 
However, the following equations may be noted: Armature 
current in case of two-phase machine without amortisseur wind¬ 
ing, 


Ip a h [cos(co t -f- 81 ) -f- A e~V cos (co / -J— 0j) 

— B €“=«a' cos | A e~i a a‘ COS (2 at + 6 i) ] (11) 

where B’ = 1 + A/ 2 ; a f = field resistance divided by the total 

i t l e f ka ^ e mductance and a a = armature resistance divided 
by the total armature leakage inductance. 

For the second phase there will be a similar equation in terms 
of sine instead of cosine. When the machine is equipped with 

a perfect amortisseur winding above the equation somewhat 
simplifies into: 


ipsh [ cos Ot-j-Ui) + 


where B = 1 + A. Similar although much more complicated 
expressions are given in the original paper for single-phase short 
circuit currents etc. But these have to be simplified a Htrie 
before they can be of much practical value. 

• ^ . 1S We . U at this P° int t0 consider the physical side of the sub- 
ject m a little more detail. It has been shown that there is a 
c ange of flux during short circuit both in the field and armature 
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circuits. It is also well known that any change of flux in a closed 
circuit divided by the total resistance of the circuit represents a 
quantity of electricity q, due to the change of flux. Thus the 
decay of flux in any given phase of the stator produces a quantity 
of electricity which manifests itself as a direct current and which, 
of course, produces an alternating current in the field. A little 
consideration will show that the direct current in the stator 
which dies down according to the attenuation factor of the arma¬ 
ture, a a , depends entirely on the time at which the circuit is 
closed; if the flux in any given phase of an alternator encloses 
at the instant of short circuit an amount of flux equal to the 
permanent short circuit flux, <f > pah , then obviously, there will be 
ho change of flux and consequently no direct current produced in 
that particular phase, and the armature current will be symme¬ 
trical. 

Similarly a direct current is produced in the rotor, due to the 
change of flux in the field, which causes an alternating current in 
the stator. These may be said to be the most important interac¬ 
tions between stator and rotor during short circuit conditions 
and if one turns to the equations given above it will be noted 
that: 

first term in ( 11 ) represent the permanent short-circuit cur- 

first term in (12) rent corresponding to the small flux due to 

third term in (5) > the normal field m.m.f. and the demag- 

J netizing armature reaction. 

first term in (5) represent the current due to the change of 

third term in ( 11 ) flux in the phase under consideration and 

third term in (12) > therefore involve the time angle 0i, at 

which the circuit is closed. 

second term in (5) ) represent the current due to the change of 
second term in ( 11 ) | flux in the field and consequently are in- 
second term in (12) !► dependent of 6 1 and are functions of the 
J field damping factor, a /. 

In (11) there is an additional term due to the change of flux in 
the amortisseur winding. 

Equations given above may at first glance seem rather com¬ 
plicated for practical purposes, but closer consideration will show 
that they are not long and tedious to work out, and especially 
with the simplification introduced when /? and /3 X are taken equal 
to 90 deg., and the use of the methods given later, the calculations 
are reduced to those of a simple exponential of the form, #=Xe ~ a 1 
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However, the question of greatest importance and extreme 
difficulty is the determination of the different characteristics, 
namely, armature reactance and the damping factors a 0 and 
a J The last two, a a and a f , can be said in general to be equal 
to resistance/reactance or resistance/inductance, according as 
0 or / is taken as the independent variable. Consider in particu¬ 
lar the damping factor of the field, Tf/xf; 77 here is not only the 
ohmic resistance of the field spools but it includes any eddy cur¬ 
rent or energy consuming effects which help to damp out the 
field transient. Again xy is not the self-inductive reactance of 
the field spools by the total leakage reactance of the field and 
armature. Similarly a a is a complicated quantity, so that even 
under the simplest assumption which is almost necessarily always 
made, that a a and 07 are constant, it seems extremely difficult 
to calculate these quantities with a fair amount of accuracy. 

The complex nature of these quantities has been recognized 
by several investigators such as Miles Walker 4 and Berm who 
without attempting to define them rigorously has called them the 
equivalent resistance and reactance of the field structure, etc. 
Others, however, have apparently failed to understand the real 
meaning of these several quantities and have attempted either 
to simplify them too much make them simpler than they would be 
for two air core mutually inductive circuits—-or complicate them 
unnecessarily by trying to combine armature reactance and arma¬ 
ture reaction into a single term. 

It became clear to the author, very early in this investigation, 
that the best method of determining the above quantities is by 
somehow imitating, in a simple way, the complex phenomenon 
of sudden short circuits. This was accomplished by studying 
the rise of direct current in the stator and the rotor under different 
conditions and thus determining experimentally average values 
for the damping factors which can be assumed constant. 

II Experimental Methods for the Determination of 
Alternator Constants 

Tests were made on two machines which may be designated as 
machines A and B; information regarding these will be found in 
section VIII. The experimental work on A, a 45-kv-a. alterna¬ 
tor, was more extensive than on the other, and the results are 
given herein in considerable detail; however, the results obtained 
with machine B were very satisfactory and in every way con¬ 
firmed those secured with the alternator A . 

4. Journal Inst. Electr. Eng., London, August 1910. 
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To determine the attenuation factor of the field, tests were 
made as follows: 

(a) Rise of field current with the machine stationary and the 
stator open-circuited. 

(b) Rise of field current with the machine stationary and the 
stator Y-connected and dead short circuited. 

(c) Rise of field current with the machine running at normal 
speed and the stator Y connected and short circuited at its ter¬ 
minals. 

(d) Same as (c) except comparatively high resistance inserted 
into the armature circuit. 



TIME IN SECONDS 

Pig. 1—Typical Curves showing af as Function of Time 

Lower curve obtained from oscillogram No. 28, giving rise of field current with machine 
running at full speed and stator circuit practically open. 

Upper curve: same conditions, except armature dead short-circuited at its terminals. 


(e) Same as (c) except that the stator was left open. 

The results of these tests are given in Table I, and are based on 
the assumption made throughout the paper, that the reactance 
is constant. An attempt was made to take saturation into ac¬ 
count, by using the Kennelly-Frolich equation for the magneti¬ 
zation curve; this, however, complicated matters very much 
without a corresponding increase in accuracy. Experiments 
also indicated this refinement not to be quite justifiable; plotting 
af against time, in every case typical curves like the ones shown 
in Fig. 1 were obtained, and it can be seen from these that a f 
does not vary over a wide range. 

Making the above assumption (permeability constant) and 
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neglecting the effect of*the secondary or the stator in case (a), 
OLf can readily be calculated by means of the well known equation: 

H = I/{ 1-e-V) (13) 

where ij and If are the instantaneous and maximum values of 
the current, respectively, and can be measured directly on the 
oscillograms and 6 can be obtained from a reference timing wave. 
(See Figs. 8, 9, etc.) 


TABLE I 


No. of 
oscillo¬ 
gram. 

Meth¬ 

od 

used in 
calcu¬ 
lating 

a f 

Machine 
at rest or 
running 

Max¬ 

imum 

field 

cur¬ 

rent 

amps. 

Value of a f 

for for 

high low 

di di 

di nr 

Manner in which armature of al¬ 
ternator was connected while taking 
oscil. of rise of field current. 

25 

G 

at rest 

5.0 

0.0037 

0.0030 

Y connected, dead short circ. 

26 

* 

“ “ 

4.98 

0.0035 

0.0028 

open 

27 

u 

1200 r.p.m. 

5.08 

0.0034 

0.0023 

open 

28 


a « 

3.1 

0.0040 

0 0023 

delta connected c. lamps, used as load 







120 ohms across terminals 

29 


u 

5.0 

0.0036 

0.0025 

240 ohms across two of the term.. 

31 


« u 

3 

0.0033 

0.0023 

Open 

32 


it u 

5.05 

0.0037 

0.0025 

80 ohms across two of the term. 

34 



4.95 

0.0097 

0.0075 

Y connected, dead short circ. 

35 


a u 

5 • 

0.010 

0.0085 

« « « u u 

37 

U 

a a 

5 

0.012 

0.0092 

« a a U a 

30 

K 

u u 

2.98 

0.0040 

0.0032 

same as oscillogram No. 28 

30 

N 

a a 

2.98 

0.0042 

0.0036 

« « « u a 

32 


a a 

5.03 

0.0035 

0.0028 

80 Ohms across one phase 

35 



5 1 

0.0095 i 

0.0085 

Y connected, dead short cir. 

37 



5 ( 

0.0097 l 

0.0088 

« « a u u 


Average value of “/ when time rate of change of current is high: 0 0106 
Average value of “/when time rate of change of current is low : 0.0085 
Mean value of a f is 0.0095. 


Method G refers to determination of “/from the rise of the field current while AT refers 

eLl“c“ltage. /fr0m ^ ° f “ d * fr0m -tor 


In the other four cases, and especially in case (c),the effect of the 
secondary or armature must not be neglected; however, since the 
stator resistance is negligible compared to its reactance, it can be 
shown that with very good approximation, the same type of equa¬ 
tion will apply, with the important difference that x } is no longer 
the true self-inductive reactance but the total leakage reactance 
reduced to the field circuit. 

This method of calculating a s from the rise of the field current 
by means of (13) is referred to in Table I as method G. In 
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methods N and K the same type of equation as (13) was used to 
.calculate a f from the rise of the armature current (due to the rise 
of field current) and the rise of stator exploring coil voltage, 
(See Figs. 8, 9 and 10.) However, it should be noted that method 
N is not as accurate as method G. 

The truth of all the above statements in reference to the cal¬ 
culation of a f follows from fundamental principles and the ap¬ 
plication of KirchhofFs laws and it seems hardly advisable to 
elaborate on them, as this would require considerable mathe¬ 
matics. 

It is clearly seen from Table I that while a f is small (about 
0.003) when the stator circuit is either open or closed through a 
comparatively high resistance, it increases over three times (to 
about 0.0095) when the armature is short-circuited and the 
machine run at normal speed. Since the resistance of the field 
structure including eddy current losses, etc., cannot be very 
different in the two cases, for this particular machine, it is clear 
that the ratio of the true self-inductive reactance to the total 
leakage reactance reduced to the field is about three. Careful 
study of the table reveals many interesting points which all go 
to show the importance of leakage reactance and increase in 
eddy current losses during rapid transient periods. 

It is interesting to check the values of a f in Table I by means 
of other methods. 5 Let # be the flux per pole at normal field 
excitation, as given by design data, and N f the number of turns per 
pole; the inductance of the field then is 


N f $ 
I f lCr 1 


abhenry, or more accurately, 


(1 + % peakage of poles) (14) 

For the alternator under consideration, allowing 12 per cent 
leakage, r f /x x was found to be 0.0038. Again by taking the ohmic 
resistance of the spools and measuring their reactance by the a-c. 
voltmeter-ammeter method r f /x a was found practically equal to 
the value just given. 

According to general theory which is fully borne out by the 
experiments described later, it is the atte ntuation factor involv- 

5. The first method is due to Dr. Berg, while the second method is 
due to the author. 
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mg the leakage reactance that enters the problem and it is clear 
from the above how ordinary methods of calculating a f = r s /x s 
fail utterly to give correct results. 

The damping factor of the stator was determined, in the same 
manner as a f , by taking oscillographic records of rise of direct 
current sent through the armature circuit under the following 
conditions: 

(a) Rise of direct current in the stator with the machine at 
rest and the field circuit open; in a few tests the field was slowly 

TABLE II 


No. of 
oscillo¬ 
gram 


41 

40 

71 

65 

55 

59 

60 
58 
60 
67 

66 
182 

183 

184 

53 

56 

57 

56 

57 
62 


Method 
used to 
get a a 


X 


Amperes of j 
d.c. sent 
through 
armature 


53.4 

53.4 

64.5 
75.0 

19.7 
20.0 
20.0 
19.7 
20.0 
49 appr. 
49 appr. 
40.0 
40.0 
40.0 

29.0 

10.4 

10.4 

10.4 

10.4 

12.5 


Connections of 
field circuit 

Rotor of genera¬ 
tor during test 
was 

Manner in 
which gen 
was con¬ 
nected to 
d.c. 


short cir. 

stationary 

neutral 

0.097 

. open 

“ 

and term. 

0.070 

short cir. 

« 

A of gener. 

0.085 

open 

rot. by hand 

connect, to 

0.085 


slowly 

low volt¬ 


open 

1031 r.p.m. 

age d-c. 

0.135 


1020 « 

supply 

0.135 


1020 u appr. 


0.150 


1031 r.p.m. 


0.122 


1020 appr. 


0.125 


1150 appr. 


0.125 


1140 r.p.m. 

U 

0.150 

short cir. 

1200 appr. 

“ 

0.135 

a ^ 



0.135 




0.150 

short cir. 

stationary 

termin. A 

0.070 

open 

990 r.p.m. j 

ind B conn. 

0.093 


1150 r.p.m. 

to low 

0.085 


990 r.p.m. 

voltage 

0.070 


1150 r.p.m. 

d-c. 

0.070 


1020 r.p.m. 

* 

0.75 


winding. ana Q -°- was circulated through the 

Mean for a a from oscillograms 58, 59, 60, 66, 182, 184, is 0.141. 

rotated by hand and gave practically the same results, as one 
might expect. 

(i) Same as (a) except that the field was short-circuited at its 
terminals. 

. (c) Rise of direct current in the stator with the machine run¬ 
ning at or near normal speed and field open. 

(d) Same as (c) except that the rotor circuit was dead 
short-circuited. 

The results of these experiments are given in Table II. -Cal- 
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culations were made by means of the same type of equation as 
(13), namely, 

tie = Idcd (15) 

where i di and I dc represent the instantaneous and final values of 
the current, respectively. At this point it may be noted that 
although there is no change in the method except a reversal in 
the role of the primary and secondary, i.e., armature and field, 
(15) is not as accurate as the corresponding equation (13) since 
the field resistance is not quite negligible. 

This method of calculating a a from the rise of direct current 
in the armature is referred to as method X (see Table II); how¬ 
ever, Oia was also calculated from the rise of the rotor voltage (due 
to rise of direct current in the armature) and this method is re¬ 
ferred to as method Y. 

The reason for the generation of voltage in the field is easily 
seen when it is remembered that the direct current in the stator 
will produce consecutive poles and the field spools cutting the 
flux will have e.m.f. induced in them. The expression for the 
current is given by (11) and the flux due to it can be assumed to 
be equal to 

<$> = $ ro (1 - €-“«») (16) 

The e.m.f. induced in the rotor will be due (a) to rotation 
chiefly and (b) to the change of flux, according to an exponential 
as given by (16). Therefore, the total e.m.f., 6t , is 

6t ~ ^rotation "H ^induction 

= K\ (j> sin (6 + 8) ■ id C e-“«» 

= Kii m (1 - €~ a0 ) sin ( 6 + 8) + i m C (17) 

Neglecting the second terms as compared to the first, 

e t = K (I - e~ aa °) sin (0 + 8 ) (18) 

where IT is a constant and 8 is the angle in electrical degrees 
between the axis of the armature phase belt and the field pole 
at the instant the switch is closed. 

This equation can be used directly to calculate a a in which case 
the phase angle, 8, would have to be obtained from the oscillo- 
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gram; or, it will be noted that when ((? -f- 5) equals 90 deg. or 
odd multiples of it, (18) reduces to 

e t = K (1 - €-“«*). ( 19 ) 

Obviously, this is the equation of a smooth exponential curve 
drawn through the crests of the wave represented by (18) and 

it may be used to calculate or 0 (see Figs. 12 and 13). 

In tests, (c) and (d), with the machine running, there was a 
double-frequency alternating current superimposed on the direct 
current, as can be seen in Figs. 11 and 12. (Compare Fig. 13.) 

This is due to the inductor alternator action (the alternate 
large and small peaks may be due to the effect of remanent 
magnetism in the poles) and it will be seen easily in the light of 
what has already been said in reference to the rise of voltage in 
the field due to the rise of current in the stator which produces 
consecutive poles. 

The value of a a , in the last two cases (c) and (d), can be ob¬ 
tained by an equation similar to (18) or (19), as it will be evident 

from following derivation: Assuming a sinusoidal change of 
reluctance, due to the rotation of the field, the e.m.f. induced in 
the stator will be 6 


= 6 sin 2 6 (20) 

The factor 2 is introduced since for inductor alternator action, 
the passage of a single projecting pole constitutes a complete 
cycle. In (20) the flux, <p, is due to therise of current in the stator 
and may be represented by 


4 > = (1 - 

Substituting this in (20) the stator e.m.f., e s , is found to be 


e s — K i (1 — e~ a a°) sin 2 6 ( 21 ) 

and consequently the current due to this e.m.f. plus the direct 
current m the stator gives the total current, i t ; 


~ (Tfc + K sin 2 6 ) (1 — e~ a & e ) 


( 22 ) 


where K 


is a constant. This expression fits well the records given 


?' ^l uati011 (20) represents in reality the e.m.f. caused by rotation 

e mi TTV S l h ° Wn m connection the derivation of (18) the 

e.m.f. due to the change of flux is negligible. ’ 
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in Figs. 12 and 13, but, of course, it does not take into account 
the alternate small crest values. 

Strictly speaking, the phase angle, <5, should be introduced into 
the above expression; this can easily be done, or preferably, the 
calculations for a a can be carried out in the manner indicated in 
the case of the similar equation (18). 

From the brief analysis of these phenomena which has been 
given it is clear that although the procedure adopted to calculate 
a a is very similar to the one used to determine ct/ f new disturb¬ 
ing factors, such as change of reluctance caused by the salient 



0 0.025 0.050 0.075 

TIME IN SECONDS 

Fig. 2—Curves showing a a as Function of Time 

For lower curve, direct current supplied to armature through terminals A and B, with 
machine running at 990 rev. per min. and field open. 

Upper curve: direct current led into armature through terminal A and neutral; speed 
1020 rev. per min. and field open. 

pole structure, etc., have been introduced. Consequently the 
results in general were not as accurate as those given in Table 
I for a/, at the same time, as it will be shown in sections IV and 
V, they are satisfactory for theoretical and practical purposes. 
Compare Figs. 1 and 2. 

The last point to be considered in determining ot a is the manner 
in which the current is introduced into the stator. This is 
strikingly illustrated in case of oscillogram No. 62, Table II; 
in this case the stator was delta-connected and the current was 
introduced through one corner of the delta, so that the same cur¬ 
rent was flowing in all three phases. What actually happened 
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is clearly shown in Fig. 3; as indicated by means of the inner 
arrows the current in this case flowed in opposite directions, in 
each slot, and thus a a = r a /x a increased from 0.135 to about 0.8 
or, the inductance decreased to practically nothing and the rise 
of current was very rapid, as recorded on the oscillogram. 

Fig. 3 also shows the cases when direct current is introduced into 
the armature through two terminals, A and B, of the Y, and 
through A and the neutral. In the former case there is one slot 
per pole which carries currents in opposite directions and if these 
were to neutralize each other completely the two cases would 



Fig. 3—Diagrammatic Representation of a Three-Phase, Four- 
Pole. |-Coil, 1-Pitch Winding, showing Direction in which Current 
Flows under the Following Three Conditions (See Table II): 


Yd 

"rc 


to direct-current source: represented by outer arrows, 
to direct-current source: represented by middle arrows, 
to direct-current source: represented by inner arrows. 


be identical. However, as it can be seen from Table II, when 
current is supplied through A and B the damping factor, <x ay is 
smaller than when current is supplied through A and neutral; 
as it will be shown in section IV, it is the latter scheme that gives 
correct results. 

# ^^us case of fractional pitch windings care should be exer¬ 
cised in determining the stator damping factor not to have cur¬ 
rents in any slot flowing in the opposite direction (see outer 
arrows, Fig. 3.) Apparently, the currents neutralize each other 
in the slot, but only partly at the end connections, so that the 
inductance of the winding under such conditions has no practical 
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significance. This conclusion was corroborated in case of other 
schemes of connection that were tried. Fortunately, however, 
this trouble does not exist in case of full pitch windings, as can 
easily be verified by a simple diagram like Fig. 3. 

Ill— Sudden Short-Circuit Tests. Three-Phase, Single- 

Phase, etc. 

In the experimental investigation of sudden short circuits there 
are several important factors to be considered in order to obtain 
consistent results of any value. For example, the short-circuit¬ 
ing switch must close with a quick positive stroke, and, in case of 
three-phase short circuits all three phases must be closed simul¬ 
taneously, as much as possible. A plunger mercury cup switch 
would meet the above requirements; however, it has been found 
that a quick-acting automatic or electrically operated oil switch 
gives satisfactory results. 

The most important and most difficult matter to contend with, 
however, is the fact that the current depends on the point of the 
e.m.f. wave at which the short circuit occurs, as explained in 
section I. This makes it almost impossible to compare any 
two given conditions since it is by no means easy to duplicate the 
point of the e.m.f. wave at which the switch once closed. In one 
of the series of tests, on machine B, a number of records were 
taken at random/ under different conditions. It was evident, 
however, that not only from the point of view of saving time and 
films, but also, for a successful investigation of the subject it is 
extremely desirable to be able to control, at least within limits, 
the point of the e.m.f. wave at which the switch shall close. 

After considerable work and trial the author designed the 
device shown in Fig. 4, which gave satisfactory results. 

In this device, one of two special brushes or contactors, bears 
on a cylindrical drum which is rigidly fastened on the shaft or on 
the coupling, on the alternator side, as shown in the figure. aA 
slight projection on the revolving drum acts like a cam and causes 
the contacts to close once in every revolution. The contacts 
are mounted on a semicircular guide which is rigidly bolted on 
the machine; thus by moving the brushes along the guide it is 
possible to have the brushes make contact at different points of 
the e.m.f. wave. It will be noted that all “ live 57 parts are sta¬ 
tionary and that the projection on the drum can easily be re¬ 
newed in case of wear. This contactor as described here is not 
always dependable; but with careful design and the use of small 
platinum contacts it can be made very reliable. 
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The terminals of the contactor were connected to an instanta¬ 
neous ordinary relay which actuated the oil switch. With a few 
trials it was possible to adjust the distance between switches 
which were closed by means of a pendulum so as to allow for the 
time that it took the relay and the oil switch solenoid to operate. 
Over 100 short-circuit tests were made on machine A, mostly 
at normal voltage, under different conditions as given in Tables 
III—VII. In every case the alternator was Y-connected and 
was excited by means of a 3.5-kw. generator, connected directly 
across the field terminals; voltage was controlled by varying the 


Slight projection Semicircular Guide 



field current of the exciter. A non-inductive resistance of about 
150 ohms was also placed in parallel with the exciter and the 
alternator field. For sake of clearness the different kind of short 
circuits are shown in Fig. 5 and for convenience these will be 
referred to as short circuit (a), ( b ) etc. 

In this connection it must be said that it is very desirable to 
distinguish between short circuits (&), (c) and (d) 
m ^ glance at the tables will show that in case (b) the short 
circuit current for zero point on the e.m.f. wave, is about 10 to 
10.5 times full-load current, (Table IV) i.e., it is slightly less than 
the maximum three-phase short-circuit current. However, as 
soon as the neutral is connected in, cases (c) and (d), (Tables V 










1915] 


DIAMANT: SHORT CIRCUITS 


2255 


TABLE III 





Maximum values of the 
current for successive half 
waves in 

Ratio for a f 
from 

Ratio 

p nr . OL „ 

Effec¬ 

tive 

phase 

JNO. 01 

oscillo¬ 

gram 

Jxina. 

of short 
circuit 

6\ at which 
switch 
closed 

first second 
amperes 

first second 
in percent of 
normal curr. 

1st 

cycle 

all 

rest of 
cycles 

aver¬ 

age 

value 

volts 

before 

short 

circuit 

1 

2 

3 

4 5 

6 

7 

8 

9 

10 

11 

70 


330 appr.f 

183.4 567.0 

240 

743 

1.20 

1.06 

2.4 

208 

77 

U 

84.8 

454.0 320.0 

595 

420 

1.25 

1.06 

2.4 

213 

78 

•jj 

g 

0 nearlyf 

595.0 144.6 

780 

190 

1.23 

1.06 

2.5 

194 

79 

& 

49 

438.0 169.0 

574 

222 

1.10 


2.8 

176 

80 

§ 

79.3 

578.0 392.0 

757 

514 

1.09 

1.06 


278 

81 


0 

816* 199.0 

1071 

261 

1.10 

1.05 

2.7 

* 

82 

a; 

+» 

0 

850.0 208.2 

1114 

273 

1.17 

1.06 

2.8 


83 

o 

G 


438.0 511.0 

574 

671 

1.16 

1.06 

1.7 

u 

87 

§ 

119 

195.0 244.0 

256 

320 

1.16 

1.07 

2.0 

138 

94 

o 

w. 

0 

729.0 288.0 

955 

378 

1.06 


3.0 

278 

95 

P* 

0 nearly 

805.0 243.0 

1055 

321 

1.19 

1.07 

2.0 

278 

96 

0 

0 very near. 

825.0 215.0 

1080 

282 

1.19 

1.07 

3.0 

278 

97 

O 

339 

150.0 776.0 

197 

1018 

1.20 

1.07 

2.5 

278 

98 


156 

137.0 740.0 

179 

970 

1.20 

1.07 

2.4 

278 

99 

pq 

342 

68.0 796.0 

89 

1043 

1.20 

1.06 

2.4 

278 

100 

rjJ 

360 near. 

740.0 180.0 

971 

276 

1.18 


3.0 

278 

101 

w 

91.5 

404.0 424.0 

529 

556 

1.10 


2.5 

278 

102 

73 

d 

0 

806.0 190.0 

1056 

249 

1.20 

1.06 

2.7 

278 

103 

a 

ot 

805.0 200.0 

1055 

262 

1.20 

1.06 

2.8 

278 

104 

u 

o 

Of 

555.0 129.0 

728 

169 

1.20 

1.06 

2.8 

194.6 

106 

£ 

344 

130.0 726.0 

170 

952 

1.20 

1.06 

2.9 

278 

107 

CtJ 

0 nearly 

804.0 202.0 

1052 

265 

1.26 

1.08 

2.7 

u 

108 

*3 

120 appr.f 

62.0 804.0 

81 

1052 

1.23 

1.07 

2.8 

It 

109 

o 

297 

248.0 570.0 

325 

747 

1.19 

1.08 

3.0 

“ 

110 

'a 

46.4 

374.0 494.0 

490 

617 

1.17 

1.07 

2.0 

* 

112 

U 

o 

Of 

710.0 243.0 

931 

319 

1.09 

1.08 

3.0 

u 

113 


Of 

667* 250.0 

774 

327 

1.09 

1.07 

2.8 

u 

114 

<D 

m 

99 

292.0 537.0 

382 

704 

1.20 

1.06 

2.5 

“ 

115 

d 

■Q 

124.5 

219.0 629.0 

287 

823 

1.19 

1.08 

2.5 

It 

116 

Pi 

£ 

354 

54.7 777.5 

72 

1015 

1.17 

1.07 

2.9 

It 

117 

o 

tH 

141 

115.5 744.0 

151 

974 

1.23 

1.08 

2.8 

. “ 

118 

rS 

H 

120 

227.0 598.0 

297 

782 

1.18 

1.06 

2.3 

“ 

120 


115 appr. 

300.0 564.0 

393 

738 

1.17 

1.06 

2.4 

it 

121 


0 . 

804.0 177.0 

1051 

232 

1.20 


2.6 

u 

123 


0 

804.0 212.0 

1051 

277 

1.20 

1.05 

2.8 

“ 

124 


0 appr. 

646.0 271.0 

847 

355 

1.10 

1.07 

2.8 

It 


Mean of column (8) is 1.176, and a f for first cycle : 0.0257 
Mean of column (9) is 1.06, and ^/for rest of wave : 0.00926 
Mean of column (10) is 2.64, and a a : 0.154 

^denotes that the ‘peak of the current wave was off the film. 

fdenotes that the angle was estimated from -the current wave and not from the 
e.m.f. wave as is the case with all others. 
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and VI) the maximum current is over 14 to 15 times normal cur¬ 
rent. 

Therefore, in speaking of single-phase short circuits it should 
be made clear exactly what kind of short circuit is referred to. 
The practically importance of this is evident, since in three-phase 
systems short circuits usually start either between terminals or 
between terminals and neutral or ground; this distinction is also 
important in connection with a-c. railway systems, in which, if 
ve assume a Y-connected generator whose phases are used in 
succession, two in series, to supply single-phase current, accord¬ 
ing to the above, short circuit troubles will not be as severe as 
in a grounded ordinary three-phase system. 

In a series of extensive tests in 1911 at Chicago/ which have 
been reported by Messrs. Schuchardt and Schweitzer the maxi¬ 
mum current of a 12,000-kv-a. turbo-alternator with 6 per cent 
external reactance was 14.5 times normal current in case of three 
phase short circuit; for a short circuit between terminals the maxi- 



Fig. 5 —Different Kinds of Short Circuits 

mum current was 11.9 times normal, with the voltage + 59 per cent 
of its maximum value; finally for a short circuit between ter¬ 
minal and neutral the maximum current was 14.5 times normal 
with the voltage -52 per cent of its maximum value. (These 
are given in Table III, test No. 45 and Table V, test No. 51). 
From these data it would seem that the maximum possible cur¬ 
rent at zero voltage with a short circuit between terminal and 
neutral will be much higher than 14.5 times normal and for a 
short circuit between phases it will be of the same order of magni¬ 
tude as for three phase. In other words, these Chicago tests 
confirm the results obtained by the author. However, there were 
too few of these tests made in comparison to three-phase tests, 
and as current transformers were used in taking oscillograms it 
seems best not to consider them absolutely conclusive, but with¬ 
hold judgment until more experimental data pertaining to differ- 

ent types of machines are available. 

7. Trans. A. I. E. E„ Vol. XXX, 1911, part II, p.1143. ■ 
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TABLE IV. 


No. of 
oscillo¬ 
grams 
a 

Kind 

of 

circuit 

Time angle 
6i at which 
switch 
closed 

Maximum armature cur¬ 
rents for successive half 

waves 

Ratio for a f 
from 

Ratio 

for 

aver¬ 

age 

Effec¬ 

tive 

phase 

volt 

before 

short 

cir¬ 

cuit 

first second 
in amperes 

first second 
in per cent of 
normal cur¬ 
rent 

1st 

cycle 

all 

rest of 
cycles 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

126 

-P PC 

229 symme 

348.0 

338.0 

456 

443 

1.10 


3.6 

278 

127 

a ^ 

0 

773.0 

300.0 

1011 

393 

1.12 

1.05 

3.5 

u 

128 

CD & 

W 

0 

790.0 

278.0 

1035 

364 

1.10 

1.04 

2.8 

« 

130 

j5 ^ 


512.0 

324.0 

672 

425 


1.06 


« 

131 

W 

o 

0 nearly 

712.0 

243.0 

932 

318 

1.14 

1.06 

3.0 

« 

132 

’Ti G 
to .w 

270 

198.0 

570.0 

259 

746 


1.06 

3.5 

« 

134 

•S | 

CO 

317 

83.0 

774.0 

11 

1012 

1.14' 

1.06 

3.2 

« 

135 

•P 

0 nearly 

740.0 

258.0 

970 

508 


1.05 

2.7 

u 

137 


0 

798.0 

267.0 

1046 

349 


1.08 

4.0 

u 


Mean of column (8) is: 1.12 and a /for first cycle is: 0.018 
Mean of column (9) is: 1.0575, a f for rest of wave is: 0.00875 
Mean of column (10) is: 3.287 and a a for the armature is : 01.89. 


TABLE V. 


No. of 
oscillo¬ 
gram 

Kind 

of 

short 

circuit 

Time angle 

0 at which 
switch 
closed 

1 Maximum armature cur¬ 
rents for successive half 

waves 

Ratio for a f 
from 

Ratio 
for a a 

aver¬ 

age 

Effec¬ 

tive 

phase 

volt 

before 

short 

cir¬ 

cuit 

first second 
in amperes 

first second 
in per cent 

1st 

cycle 

all 

rest of 
cycles 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

138 

139 

140 

142 

143 

Single phase 
at terminals A, 
B and neutral 

223 

0 nearly 
344.5 

318 

289 

1005 

1072* 

215 

658 

425 

645 

525 

1078 

836 

1000 

1318 
1405 
61 
862 
557 . 

845 

688 

1410 

1095 

1309 

1.19 

1.19 

1.19 

1.10 

1.06 

1.08 

1.07 

1.08 

1.09 

2.5 

4.0 

2.4 

2.4 

278 

« 

u 

u 


Mean of column ( 8) is: 1.19 and a f for first cycle is : 0.0276 
Mean of column (9) is: 1.076 and a f for rest of wave is: 0.0116 
Mean of column (10) is: 2.4 approximately, and is: 0.139. 


^Denotes that the peak of the wave was off the film. 
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TABLE VI 


No. of 
oscillo¬ 
gram 

Kind 

of 

short 

circuit 

Time angle 
<9i at which 
short circuit 
occurred 

Maximum value armature 
currents for successive 
half waves 

Ratio for a f 
from 

Ratio 

for 

Effec¬ 

tive 

phase 

volt 

before 

short 

cir¬ 

cuit 

first second 
in amperes 

first second 
in per cent of 
full load cur¬ 
rent 

1st 

cycle 

all 

rest of 
cycles 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

162 


0 


536 


703 

1.04 

1.04 

5 

278 

163 


250 symme 

855 

710 

1119 

930 

1.2 

1.07 


278 

164 


149 

148 

1132 

194 

1481 

1.1 

1.06 

5 

u 

166 

s * 

0 nearly 

1152 

552 

1510 

722 

1.06 

1.05 

6 

u 

167 

c3 d 

X '£ 

0 appr. 

1048 

572 

1370 

749 


1.03 

6 

« 

168 

a g 

299 symm 

874 

692 

1142 

907 

1.2 

1.04 


« 

169 

g " 

25 appr. 

178 

1097 

23 

1436 


1.05 

5 

« 

170 

d 1 

0 

1168 

525 

1528 

687 

1.1 

1.04 

4 

u 

171 

.d CO 

+» "r? 

146 

128 

1115 

167 

1460 


1.04 

5 

« 

172 

— fo 

3 £ 

80 symme 

814 

718 

1063 

941 

1.15 

1.05 

_ 

u 

173 

£ 3 
•3 O 

92 nearly 

648 

775 

749 

1015 

1.16 

1.05 

_ 

u 

174 

o a 
■P £ 

332 

88 

1120 

10 

1465 

1.1 

1.04 

6 

U 

175 

O « 

r* 2^ 

112 

445 

926 

582 

1211 

1.09 

1.04 

6 

u 

176 

w j* 

0 nearly 

1136 

553 

1485 

772 


1.04 

5 

U 

177 

<u 

XI 

0 

1200 

547 

1571 

716 

1.07 

1.05 

4 

u 

178 


0 

1180 

546 

1560 

715 

1.09 

1.05 

5 

u 

179 


259 symm 

799 

718 

1046 

940 

1.15 

1.05 




Mean of Column (8) is: 1.12 and a / for first cycle is: 0.018 
Mean of column (9) is: 1.07 and a /for rest of wave is: 0.0109 
Mean of column (10) is: 5.1 and a a (average) is: 0.259; 


TABLE VII 


No. Of. 
oscillo¬ 
gram 

Kind of 
short 
circuit 

Angle 0i at 
which 
switch 
closed 

Maximum values of cur¬ 
rent for successive half 
waves: 

Remarks 

first second 
in amperes 

first second 
in per cent of 
full load cur¬ 
rent 

1 

2 

3 

4 

5 

6 

7 

8 

146 

«-< 

296 

535.0 

463.0 

700 

607 

Considerable mechan¬ 

147 

rfi +* 

£ 3 

ctf <U 

309 

386.0 

520.0 

505 

680 

ical troubles were experi¬ 

148 

•S ^ 

0 nearly 

10.73 

697.0 

14 

908 

enced at oil switch after 

149 

'a ’g 

w d 

0 nearly 

52.5 

574.0 

69 

751 

the third or fourth cycle; 

150 

« d 


240.0 

599.0 

314 

785 

see for instance, Fig. 18. 

151 

+> V 
<1 ^ 

0 nearly 

638.0 

355.0 

835 

465 

All taken at normal 

152 

PQ 


507.0 

461.0 

665 

604 

voltage. 


So far as it could be estimated a / and a a were the same as for the ordinary short cir¬ 
cuit at the terminals of the Y winding without the neutral in. 





1915] 


DIAMANT: SHORT CIRCUITS 


2259 


In an article 8 describing certain short-circuit tests it is reported 
that “ some machines have initial single-phase current rushes of 
about the same magnitude as the polyphase currents, some 
greater and some less this statement is of course too indefinite 
and of no value since no data regarding the tests or the machines 
are given. The single-phase alternator, however, under normal 
or abnormal conditions is more complicated than the three-phase 
and specific data regarding tests, machines, their type of wind¬ 
ing, etc., must be considered before many peculiarities can be 
explained; these, however, are not always given. 

Exploring Coils. As described in section VIII, the alternator 
was especially equipped for these tests with full and 2/3 pitch 
(stator) exploring coils at the top, middle and bottom of different 
slots; also a set of special slip rings was provided for a full pitch 
exploring coil placed on the face of the poles. 

The oscillograms given show that the voltages induced in 
these search coils under short circuit conditions are not of as 
simple a form as theory would indicate. Indeed one fact brought 
out was that the flux distribution in the armature, within about 
a cycle after the short circuit, takes the general shape which it 
has under normal short circuit. This is well indicated in Figs. 
14, 15, etc., and special oscillograms taken confirmed this ob¬ 
servation. Thus it would seem that a good way to study sudden 
short circuits is by studying normal short circuits in details. 
Although a great deal of work has been done on permanent short 
circuits it is believed that so far very little or no attention has 
been given to the question of flux distribution under such condi¬ 
tions. 

Leaving all details aside, however, the exploring coils on the 
stator and rotor show that the flux in the armature and air gap 
dies down more or less according to a simple exponential as 
provided for by theory. Although the complete theory of the 
flux distribution and of the voltages induced in the exploring 
coils has not yet. been worked out, a number of calculations were 
made; for three-phase short circuits, case {a) Fig. 5, the stator 
exploring coils give an attentuation factor 0.007 to 0.014, which 
is a rather wide variation, but a little study of the oscillograms 
will show the search coil voltages to be unsymmetrical and to 
have other peculiarities which are not easily explained; therefore 
as a whole the above values can be considered satisfactory in that 
they show that the flux in the armature decays according to an 

8. Gen. Elec. Rev . August 1914. See also Electric Jour. April 1914. 
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exponential which seems to depend on the position of the search 
coil. Compare Figs. 14 and 15. 

The rotor search coil gave a much higher attentuation factor, 
it being of the order 0.1 to 0.18, which can again be considered 
satisfactory in that it indicates that the provision made in Bouch- 
erot s theory that the flux in the field and armature dies down at 
different rates is not incorrect. However, no great importance 
can be given to the above values of damping factors. Indeed, 
for single-phase short circuits, the same rotor exploring coil gave 
a damping coefficient of the order of 0.008, and in general, as can 
be seen by inspection of the oscillograms, the rate of decay of 
the rotor exploring coil was high for short circuit (a) and (e) but 
considerably lower for the other cases. There are other interest- 
ing, rather complicated and apparently inconsistent features in 
connection with the stator and rotor exploring coils which no 
doubt with further study will throw considerable light on the 
mechanism of short circuits. 


I\/—Methods of Calculation 

In order to test the value of the methods developed for the de¬ 
termination of a f and a a (section II) calculations were made from 
actual short-circuit current waves. The obvious method would 
seem to be to use equations (5) and (11) directly, and by measur¬ 
ing 0, 6 h etc., and knowdng the normal short circuit current, to 
calculate a f first and then a a , without determining x a . However 
considerable experience with this method has shown that it is 
unsatisfactory and it may be affected considerably by the re¬ 
tardation of the machine. 

The following methods have therefore been developed by the 
author and have been found to give consistent results they have 
also the important advantage that they reduce the calculation 
of a long four-term expression to that of a single exponential. 
(1) The equation for the armature current under the assume- 

tion of 

0 = is: 

la = - (A + B) e-«a<.t>-o0 sin (0J - /3) 4- A e~“f sin (0-/3) 
+ B sin (0 - 0). (23) 

For sin (0-/3) = ±1, this reduces to 
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[ — (A + B) e““® O-oi) sin (0j - /3) + A e~ a f 0-<h) _j_ b] (24) 
and 

[ - (A + B) e~“a O-eD sin (0 X - /?) - A «-“/ («-«■ - 5] (25) 


A little consideration shows that (24) and (25) are the equations 
of the curves at and cd drawn through the crests of the current 
wave. (Fig. 6). 

Moreover, the ordinate oc at an angle 9 n will be given by equa¬ 
tion 


A €~ a f On~ Hi) ft _j_ (J _j_ £) e -a a O n -(h) (26) 

while 

A e~ a f On-Si) _)_ _ (^4 _ _g) € -a a On-Oi) ( 27 ) 



Fig. 6—Armature Current Wave 


will represent of in absolute value. Adding these two expressions 
fc is obtained and is given by: 

fc = 2 (A e~°f On - + B) (28) 

Similarly, 

f" c" = 2 (A e~ “r On + 2 t-o,) + B ) (29) 

and consequently, 


fc-B 
f" c"-B 


(2 x) 


(30) 


B, which is the normal short-circuit current, can be neglected 
during the first few cycles when fc and f n c n are large, or it can 
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be easily, determined and subtracted as indicated in (30) and 
af calculated. 

Subtracting equation (27) from (26), there is obtained 


oc 


of __ (A + B) €~ a a Vn-0 1 ) 
o"f" (A + B) e-^Hn+ 2ir-d 1 ) Z 


:+“a (2 tt) 


(31) 


from which a a can be calculated. 

Although the above derivation has been based on Berg’s equa¬ 
tion, Boucherot’s equations also lead to exactly similar results, 
and it was by means of these methods that a f and a a in Tables 
III to VII were calculated. 

Since our knowledge of the subject is not complete at present 
it was deemed best to include any consistent peculiarities which 
were observed; thus the ratio fc/f" c" = e +2 a f x for the first 
cycle, which was found to be consistently higher than for the 
subsequent cycles, has been recorded in column (8) of the tables. 

This seems to be a reasonable discrepancy since, during the 
first cycle with the sudden rush of current, probably 77 is larger 
due to eddy current losses, etc., and x f may be smaller due to 
greater leakage and saturation; both these factors would tend to 
make a f greater during the first cycle than the subsequent cycles. 
However, it is known that 77 and x f are not constant but are only 
assumed as such, and what is desired is to known of the existence 
of such peculiarities and determine some average value which 
will give satisfactory results as a whole. 

In column (9) of Tables III to VII the ratio, 7r , as ob¬ 
tained from the rest of the wave, i.e., excluding the first cycle, is 
given, and in column (10) the average ratio for e 2 a ^ ir will be 
found. This latter ratio was not as consistent and uniform as the 
ratio for the field damping factor. 

Referring back to the development of the method for calculat¬ 
ing, it is seen that inherently expression (31) will not give as 
accurate results as (30), since in the former the ratio of differences 
such as (oc — of) and 0 " c n — o n f n ) is involved; moreover it is 
clear that as the current wave tends to become symmetrical 
the method fails since (oc — of) approaches zero (see Fig. 6 ). 
Taking these factors into consideration the ratios for a a in column 
(10) are fairly satisfactory. However, in order to check these, 
another method was developed as follows: 

Consider current waves which correspond to the zero point of 
the e.m.f. wave, i.e., oscillograms for which 0 X = 0 , or strictly 
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(]8 — 0i) =90 deg.; this is the most advantageous condition for 
determining the stator damping factor, since as 6 x approaches 
90 deg. the current wave tends to become symmetrical and the 
term containing a a disappears entirely. 

The expression for the current in this case is 


i a = (A + B) e~«f d - (B + A €-«**) cos 9 (32) 

However, a f is in general small compared to a a , the latter being 
10 to 20 times a f (about 15 times for machine A) so that e~' a f 6 
can be assumed equal to unity for the first few cycles without 
appreciable error. Thus for practical purposes (32) becomes 

ia = (A + B) (1 + e- - ') (33) 

and for the next two cycles we have, 

ia = (A + B) (1 - e~ 2 «« *) and (34) 

ia — (A + B) (1 + 6- 8 ') (36) 


respectively. 

It is easy now to verify that (see Fig. 6). 


_ equation (33) _ _ ^ +a t _ oc 

equation (33)—equation (34) oc — o'f' 


(36) 


equation (33) 

equation (35)—equation (34) 


€ +2a 0 7T — 


oc 


o" 


(37) 


Careful study of the above method discloses the fact that ow¬ 
ing to the assumptions made (36) will give too small values and 
(37) too large values for a a) but if the mean of the two be taken, 
about the right value should be obtained. This was exactly 
what calculations from 11 films showed; although the results of 
(36) and (37) were much more consistent and uniform than those 
obtained by method (1), the former were too small and the latter 
too large, the average being 0.13. 

V— Determination of Armature Reactance 
1. According to expression (5), section II, (A +23) is equal to the 
maximum phase voltage before short circuit divided by the arma- 
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ture impedance, with good approximation. Having determined 
a a , (A + B) can be obtained by means of equation (33) and thus 
the armature impedance calculated. 

The mean value of (A + B) was found to be 458 amperes for 
the three-phase short circuits and therefore the stator impedance 
or reactance per phase is 


= 


278 V2 
458 


= 0.857 ohm per phase. 


2 . Taking advantage of the fact that the machine was equip¬ 
ped with exploring coils, the stator impedance was determined by 
means of the following proportion: 


armature phase voltage on open circuit 
search coil voltage on same open circuit 

arm, phase volts at normal short circuit and same excitation ■ 
search coil voltage under same conditions 


This method applied on two phases gave an average value of 
z a — 0.781 ohm per phase. 

3. Another method 9 used to determine the armature imped¬ 
ance consisted in short-circuiting one phase of the alternator and 
taking readings of armature current in the short-circuited phase 
and of voltage across the other two phases. The voltage read¬ 
ings should theoretically be equal and they were found to be 
fairly so, although in certain cases a variation of 5 per cent and 
even 10 per cent was noted. 

Each phase of the alternator was short-circuited in succession 
and readings were taken for several field current strengths. The 
average value obtained in this case by dividing the open phase 
voltage by the current of the short-circuited phase was 

= 0.783 ohm 


4. Finally the armatu re reactance was calculated by means of 

pi' "i iS dSSC K bed by T T - Wallia Elecirician, (London) 

* b : . ’ 1913 - Jt ms -y be noted that.it is applicable to' Y-connected 
macjiines 
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ordinary reactance formulas (see for example A. Gray’s “Design 
of Elec. Machines,” p.-223) and the value obtained was 

x a 0.81 ohm 

Using the ohmic resistance of the armature winding and the 
average of the values given for :r a , the stator damping factor per 
phase comes out about 0.136, which agrees well with the values 
found from current wave, calculations; this, however, need not 
he the case always. 

VI— Effect on Supply 

In the tests described, the alternator was driven by a 50-kw. 
d-c. motor. Power was supplied from a 100-kv-a..engine-driven 
a-c. generator which, through three 20-kv-a., 2300/240-volt 
transformers, fed an induction motor directly coupled to a 35-kw., 



Pig. 7—Record of Graphic Watt-Hour Meter on 100-kv-a'. 

Alternator which Supplied Power for Short-Circuit Tests 

Momentary mciease of load due to sudden single-phase and three-phase short circuits 
is about IS kw. That due to permanent short circuit is about 6 kw. 

d-c. generator; the latter furnished power to the experimental 
set. 

No special tests were made to determine the effect of short 
circuits on the driving motor, but the records of the graphic 
watt-hour meter on the 100-kv-a. alternator seem to be of suffi¬ 
cient interest to be included herein. As seen from Fig. 7 the 
alternator was carrying a load of about 30 kw. when the short 
circuits at the other end were thrown on; at each short circuit 
test there is a momentary rush of nearly 20 kw. for three- and 
single-phase short circuits. The momentary rush due to per¬ 
manent short circuits seems to be about one-third of the value 
given above. 

It may be noted that any difference that may exist between 
single- and three-phase short circuits could not be determined 
with this scheme. 

The above are mainly of interest in connection with the Chi¬ 
cago tests, mentioned before, which seemed to show that the pres- 
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ence or absence of steam in the turbine had no effect on the re¬ 
tardation and short-circuit current of the alternator. 

The above experiments were made at the Rice Institute, and 
it is with great pleasure that the writer wishes to acknowledge 
his indebtedness to President E. 0. Eovett for the encourage¬ 
ment and moral support received during the progress of the work. 
The writer is also very glad to take this opportunity and acknowl¬ 
edge his indebtedness to Dr. E. J. Berg, for not only what he has 
received directly, while working under him but also for his in¬ 
direct influence and suggestions. Great thanks are also due to 
Mr. W. J. Foster for the interest he has taken and to Mr. H. K. 
Humphrey for valuable assistance and cooperation in ins t allin g 
machines, etc. 


VII Critical Resume and Some Conclusions 

It seems fair to conclude from the above that although the 
phenomenon of sudden short circuits of alternators is exceedingly 
complicated it is possible to reduce it to rational theory and cal¬ 
culate it with a fair amount of accuracy. 

In case of three-phase short circuits the average values, 
0.15 for the armature damping factor, ct a , (Table III, see also 
section IV), 0.0093 for the field damping factor, a f , (Table III)., 
0.86 for the armature impedance or reactance per phase, (sec¬ 
tion V), obtained directly from short-circuit -oscillograms by 
means of methods developed in sections IV and V, compare very 
favorably with the average values of 0.141 for the arm, damping 
factor, (Table II, section II), 0.0095 for the rotor damping 
factor, a ,, (Table I, section II). 0.78 for the armature reactance 
(section V), obtained by other methods without short-circuiting 
and subjecting the machine to dangerous tests 
The comparative values of 0.15 and 0.14, agree even closer 
if the value of 0.13 found m section IV under heading 2, is taken 
mto consideration; however, the latter value is probably a little 
°?i° w and m any Case the a S reem ent is satisfactory. 

be ^ ed the initial values of a/ and obtained 
III etoht T aCtUal oscm °g ra ms, are higher (see Table 
have tt' ^ 6 ValUeS ‘ ThiS; however > is as we might 

HnZ T f, SmCe dUnng the &st sudden rash of current, no 
somewhat 6 1 ^ C ^ rent , l0SS 13 Hgher and the lea ^ a ge reactance 
effectl Lrt fQr 3ubse ^ eat oyoles, and both these 

This is also nh ^ j +° lncrease tlie attenuation coefficients. 
This also observed to a certain extent in the rise of direct cur- 
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rent in the field and armature. But on account of lack of more 
specific data on damping factors obtained directly from oscillo¬ 
graphic records it seems best, at present, to use the average values 
which, as seen before, will give satisfactory results and have the 
advantage of being on the safe side—will indicate less damping 
than may actually be the case. 

The reason for these discrepancies and troubles is the presence 
of iron in the circuit, but it seems impossible to take account of 
the change of permeability and saturation in the equations. In 
time, corrections may be introduced to take account of" these 
factors, but not until we find out more about the subject in gen¬ 
eral. 

The case of single-phase short circuits, between two terminals 
or terminal and neutral, presents considerable difficulties and 
peculiarities which cannot well be accounted for theoretically. 
The latter seems to give much higher current rushes than a short 
circuit between two terminals. It would be unscientific from 
the comparatively few data on one machine to draw general 
conclusions or attempt to revise the theory to fit the facts. In 
this connection it must said that although the same method of 
calculation outlined in the beginning of section IV, for three- 
phase, has been applied to single-phase short circuits (see* Tables 
IV, V and VI), this involves considerable approximation as 
indicated by Boucherot’s equation, which, being rather involved, 
was not included. 

It is outside the scope of this paper to take up in detail any 
practical applications of the above; however, without unduly 
lengthening the paper it seems very desirable to consider the 
following important points: 

“ The maximum rush of current” as obtained from an oscil¬ 
logram is a rather indefinite term unless the corresponding value 
of the phase voltage wave is given, and in referring to short- 
circuit currents one should not lose sight of this fact. In regard 
to the “ maximum possible current ” that an alternator will give 
In case of sudden short circuit, which is the important quantity 
referred to in specifications, etc., it ma}^ be defined as the current 
which a machine will give when suddenly short circuited (at its 
terminals or through a certain reactance) near the zero point of 
the e.m.f. wave and when the first current half wave lies entirely 
on one side of the axis. Theoretically this will occur very near 
the zero point of the e.m.f. wave and by taking records of both 
em.f. and current a good check is obtained, This maximum 
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possible value should be expressed in per cent of the maximum 
(not effective) rated full-load current of the machine. Further¬ 
more, in case it does not correspond to the normal voltage this 
should also be given in per cent of normal (no-load or full-load) 
voltage; thus referring to Table III, it can be said that, according 
to oscillogram No. 82, the maximum possible current is 1114 per 
cent or 11.14 times normal full-load current and according to No. 
81 it is 1071 per cent or 10.71; but for oscillogram No. 104 it is 
728 per cent of 7.28 times rated full-load current at 70 per cent 
voltage, so that approximately it is 728/0.70 = 1040 per cent 
at normal voltage. 

In commercial tests, if such are made, the alternator should be 
short-circuited with as near normal excitation as possible, and, 
then the current may be taken as proportional to the voltage! 
However, even if tests are made at full field excitation it will not • 
happen very often that in a few oscillograms taken at random the 
switch will close at the point of the e.m.f. wave giving the maxi¬ 
mum possible current. In such cases a a and a s can be calcu¬ 
lated by means of the methods described in section IV, and 8 1 
the angle at which the switch closed measured on the oscillo¬ 
gram, by substituting in (5) (A + B) can be determined and the 
maximum possible current will then be 


imp — (A + B) (e~ °t w -j- r“« ’) or, (38) 

= (A -f B) (1 + e“ a o T ) (39) 

This method, however, is tedious and apt to prove unsatis¬ 
factory, as it involves the determination of 8 1 . A better method 
consists in taking the sum of the first two crest values of the 
current wave, whose absolute values will be given by the 
following expressions: 

1st half wave = (A +B) e~ a a^-^) cos 8x+{A e~ a f ( d ~h) _| -B) (40) 
2nd half wave = - (A + B) e~ a a (ff+x-ap cos 0 x _j_ ((«+»■-«,) 

+B) (41) 

,?rr tl5 SUm ^ es ® two will be approximately 
AA + B) since the field damping factor is generally quite, small 
compared to the stator damping factor, a„, and further, the fact 
that the first term of (40) is larger than the first term of (41) as 
compared to the second terms of the same expressions, will 
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considerably offset the approximation we have made. However, 
it is easy and preferable to determine a f and make corrections by 
neglecting 6 x and assuming the sum of the first two peaks to be 

2 [A e~ a f + B) 

instead of 2 (A + B ); having thus determined (A +3), the maxi¬ 
mum possible current, i mp , is 


(A + J5> (1 + €-«««!) (39) 

It is obvious that the sum of the maximum ordinates of the 
first two half waves is only a trifle larger than (39), which is very 
nearly the true value of i mp . Thus Mr. F. D. Newbury 10 has pro¬ 
posed the empirical rule that i mp for practical purposes may be 
taken as equal to 0.9 of the above sum. This is a fair approxi¬ 
mation but it is empirical, at its best, and a universal constant 
like 0.9 is not apt to give correct results in all cases. Therefore, 
the rational method proposed herein, or another very good empir¬ 
ical method, which, however, will be shown to be rational, pro¬ 
posed by Mr. A. B. Field 11 and as modified by the author, is to be 
much preferred to Mr. Newbury’s method. 

Field’s method is as follows: Referring to Fig. 6, draw on any 
given oscillogram the smooth curves ab and cd through the crests 
of the current wave and measure their intercept on the Y axis 
for the instant of short circuit by extending them back; this 
intercept multiplied by the ratio of c' f' to cf will give the maxi¬ 
mum possible current.. 

As shown in section IV, the ratio proposed is simply e~ 2oc f' n 
and therefore it is well to simplify the method by taking the sum 
of the first two peaks, which will be equal to (40) plus (41) and 
multiply this by (c'f'/cf) = e~~ a f * which will probably give slightly 
large result. If this same sum be multiplied by 
{c'o f - o'f')/(co - of) = 6~ T 
the result will be altogether too small, and if no correction be 
applied, as indicated before, but it is multiplied by 

■ (I + Mj z££ L \ = L+j-zi . 

\ 2 ^ 2 {co - of) ) 2 

the result will be slightly small. 

10. Elec. Jour. April 1914, p.196. 

11. Trans. A. I. E. E., Vol. XXXI, part II, p.1648. 
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The maximum possible current can also be determined without 
subjecting the machine to any short-circuit tests by determining 
the stator impedance first by means of such a method as given in 
section V. Then 


l mp 


maximum phase volts before sh. c ircuit 
armature impedance (reactance) per phase ^ € 


where the damping factor a a can be determined by the method 
given in section II. 

So far as it can be judged from the experiments given herein 
this method will give just as reliable results as short-circuiting the 
alternator at random and then determining from records the 
maximum possible current, unless the switch happens to close 
at the zero point of the e.m.f. wave. Further, in actual short- 
circuit tests, unless external reactance coils are used it is not, as 
a rule advisable to subject the alternator to a short circuit at 
normal excitation and m the absence of a better rule it is neces¬ 
sary to make the assumption that the current will be proportional 
to the e.m.f. So that actual short-circuit tests do not always solve 
S V S maximum P° ssib le current in any given 
has to be e fi11ed USU >v, y 6 considerable gap between the two which 
seem^piSe before the method give,, 

Finally, there is one point that it is desired to bring out be¬ 
cause it is believed that it has not been considered or given suffi¬ 
cient attention before; that is the beneficial effect of rIStance 

genemtor 2 t0 ? ^ the short - ci ^uit current of a 

th ?* reactance coils constitute the economically and 

theoretically correct solution of the problem of reducing short 
circuit currents; this, however, need not necessarily SZve Z 
complete elimination of iron from such coils siWp * 

”SSsad“ ff 

rent and hysteresis losses which would anWao+i n • 7 
under short-circuit conditions. automatically increase 
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To illustrate this point, consider a 12,000-kv-a., 9000-volt 25- 
cycle turbo-alternator having the following characteristics: 
resistance 0.04 per cent, reactance 6 per cent. The maximum 
possible short circuit current will then be 30 times full load nor¬ 
mal current if no external reactance coil be used, and 17.1 if 5 
per cent external reactance be inserted; if now 3 per cent re¬ 
actance and 1.2 per cent resistance be introduced the maximum 
current will be 17.3 times normal current or the same as if 5 per 
cent reactance had been used. Which of the two schemes is the 
more practical and economical one is a question too important 
to be considered here. As mentioned before, it is only desired 
to call attention to the beneficial effect of combining a small 
amount of resistance with reactance and the possibility of ob¬ 
taining considerable automatic increase in the amount of the 
former under short-circuit conditions. 

In conclusion, the writer is well aware of the incompleteness of 
the paper, in that many important questions in connection with 
the subject of sudden short circuits have not been even touched 
upon. However, some of these are being investigated, and 
must be reported later, since it is not possible in a single paper to 
cover the several different phases of such a broad and complex 
subject adequately. 


“ 2 
“ 3 
“ 4 
“ 5 


VIII— Description of Apparatus and List of Symbols 

Machine A: 45-kv-a, 480-volt (278 across phase), 1200-rev. 
per min., 60-cycle, three-phase alternator with squirrel cage 
winding, and equipped with exploring coils as follows: 

Coil No. 1 full pitch on top of the slot. 

2/3 (< u u u u u 

full at middle of the slot. 

2 jg a « a a « « 

full pitch at bottom of the slot. 

a “ 62/3 u u 11 u u “ 

Full pitch rotor exploring coil on the face of the pole frame. 
Winding: ordinary 2/3 pitch, half coil lap winding. 

Exciter: 3.5-kw., 110-volt, compound-wound generator con¬ 
nected right across alternator field terminals and in-parallel with 
a non-inductive resistance of 150 ohms and in some cases 300 
ohms. 

Shunts: three 50-millivolt 100-ampere non-inductive shunts 
were inserted in the terminals A , B and C of generator in order 
to take armature current oscillograms. 
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D-C. Generator: Low-voltage generator to calibrate oscillo¬ 
graph vibrators and supply d-c. to the stator for experiments 
of section II. This was rated at 3 kw. and 500 amperes. 

Machine B: 37.5-kw., 240-volt (139 across phase), 1200-rev. 
per min., 60-cycle, three-phase alternator having ordinary full 
pitch lap winding. 

A = Eifz a nearly; see also equation (4) 

B — E 2 /z a = I vsh — normal or permanent short-circuit 
current. 

U+B)=E/ z a — maximum short-circuit current that would be 
obtained for a symmetrical wave assuming effect 
of a./ to be negligible. 

£ = (£ x + E 2 ) = maximum value of phase voltage before 
short circuit. 

Ei — transient part of E corresponding to (4> w — & pa h), 
(section I.) 

E 2 — permanent part of E corresponding to <$> ps h, (section I). 
i a = transient armature current. 

Ia — d-c. used to calibrate oscillograph vibrators. 

Idc = final value of direct current in the stator (section II) . 
'idc = instantaneous value of I. 

If = field current of alternator. Also final value of i f . 

■if — instantaneous value of current in the experiments on 
rise of field current (section II). 
i P m= maximum possible short-circuit current. (For details 
see section VII). 

i pS h = permanent short-circuit current. 
r a = resistance of armature (per phase). 
x a = reactance of armature (per phase). 

r f = total resistance of the field spools or of the field struc¬ 
ture. 

Xf = total self-inductance reactance of field or total leakage 
reactance. For details regarding r a , x a , r f and x } 
(see section I.). 

= armature impedance (see section I and section V). 
eta - armature damping factor (sections I, II and IV). 
a/ = field damping factor (sections I, II and IV). 

phase angle between armature phase belt and field 
pole at instant switch is closed for rise of current in 
armature or field. 

6 = electrical time degrees = 2 tt ft. 


PLATE CXXXIII. 
A. r. E. E. 

VOL. XXXIV, 1915 



Fig. 8 [diamant] 


Oscillogram No. 28—Table I. First wave: 60-cycle timing wave; second: (straight 
line) voltage across alternator field terminals—it is seen to remain constant during rise 
of 2/; third: rise of field current bounded at bottom by its zero line and on top jt is asymp¬ 
totic to its permanent value, If. 



Fig. 9 [diamant] 


Oscillogram No. 30—Table I. First wave: rise of armature current; second: rise of 
voltage in search coil No. 2; (both these due to rise of field current—not recorded); third: 
reference 60-cycle timing wave. 



Fig. 10 [diamant] 

Oscillogram No. 31—Table I. First wave: reference 60-cycle timing wave; second: 
rise of voltage in search coil No. 2; third: rise of field current, 2/; second straight line 
gives permanent value of If — If. 
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Oscillogram No. 57-Table II. First: 60-cycle timing wave; second- rise of voltage 

'TT' ^ alue; t^d rise of dllfcur! 

’ t dc , in the armature, also its permanent value, I dc . 



. AVJ. XX; 

Oscillogram No. 56—Table II First- fin +• - 
across the field terminals of alternator- third: rise i *™ ns wave '’ second: rise of voltage 
At the left the permanent values of the loo/* lrec Current > in the armature, 

speed. VaiU6S ° f the Iast tw ° waves are recorded with a slower film 



^ Fig. 13 [diamant] 

Oscillogram No. 53—Table IT w 
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[diamant] 

Fig. 14 

Oscillogram No. 101—Table III. Three-phase short circuit. First wave: voltage 
across one phase; second: current in same phase; third: voltage in search coil No. 1. 
Third straight line is calibration current, Id, 293 amperes. 


[d i am ant] 

Fig. 15 

Oscillogram No. 100—Table III. Three-phase short circuit. First wave: armature 
voltage; second: armature current; third: voltage of search coil No. 6. Second straight 
line is calibration current, Id, 301 amperes. Compare third wave with one given in 
Fig. 14. 


[diamant] 

Fig. 16 

Oscillogram No. 98—Table III. Three-phase short circuit. First wave: voltage In¬ 
duced in search coll No. 4; second: armature current; third: phase voltage. Second 
straight line is calibration current, Id = 29S amperes. 
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[diamant] 


Oscillogram No. 87 Table III. Three-phase short circuit: First wave: armature 
current; second: voltage of exploring coil No. 5; third: voltage across one phase. First 
straight line is calibration current, l c l — 195 amperes. 



Fig. 18 

Oscillogram No. 151—Table VII. Three-phase short circuit (neutral in). First wave: 
armature voltage; second: voltage of exploring coil No. 1; third: armature current; note 
this wave, which shows mechanical troubles at the switch, which, however, do not seem 
to affect the flux distribution. Straight line at bottom: calibration current = 299 amperes. 



Fig. 19 


[diamant] 


Oscillogram No. 99 Table III. Three-phase short circuit. First wave: voltage 
of search coil No. 5; second: armature current in terminal A ; third: voltage across term¬ 
inal A and neutral; second straight line is calibration current Id ~ 300 amperes. 
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Fig. 23 

Oscillogram No. 134—Table IV. Single-phase short circuit. First wave: voltage of 
rotor exploring coil; second: armature current; third: voltage across one terminal and 
neutral. First straight line, calibration current, Icl = 307. Note slow decay of first 
wave. 



Fig. 24 


[diamant] 


Oscillogram No. 139—Table V, Single-phase short circuit, neutral in. First wave: 
rotor search coil voltage; second: armature current; third: armature voltage. First 
straight line is calibration current = 300 amperes. 



Fig. 25 




N °- 173 ~ Table VI. Short circuit on one phase only. First wave- volt 
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, FIG. 2b LdiamantJ 

Oscillogram No. 175—Table VI. Short circuit on one phase. First wave: armature 
voltage; second: armature current: third: field current. Second straight line, calibra¬ 
tion current, lcl, 322 amperes. 


r*IG. 27 [diamant] 

sci ogram No. 1/2 Table \I. Short circuit on one phase. First wave: armature 
voltage; second: voltage of exploring coil No. 1; third: armature current. Second straight 
line io calibration current, lcl* 319 amperes. 
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Fig. 28 [diamant] 

Oscillogram No. 79—Table III. Three-phase short 
circuit. First wave: rotor exploring coil voltage; 
second: armature current; third: phase voltage. 
Second straight line is calibration current, lcl — 199 
amperes. First wave shows clearly the great trouble 
experienced with ordinary brush contact on account 
of very small voltages induced in rotor exploring 
coil; these were eliminated after considerable per¬ 
sistent work. 

Fig. 29 

Oscillogram No. 145—Permanent short-circuit 
currents at normal field excitation. Resistance in the 
vibrator circuit of the oscillograph same for all waves. 
First wave: stator short-circuited at terminals A, B 
and neutral; second: at terminals A and B\ third: at 
terminals A, B and C. In bottom two waves stator 


aJLIUTb* 


■LiiL Ui LCU 


on r , ttuuncuwdi, auijjiuuue 

PIG. 2y [diamant] is same as that of the third. Calibration currents are 


275 and 278 amperes. 
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Q x = time degrees at which short-circuiting switch closes 
as referred to the phase voltage wave. 

$ n = flux in the armature under normal conditions. 

<$ psh = dux in the armature under permanent short circuit 
(section I). 

<fi a == flux in phase A of a tw T o-phase alt. at instant of short 
circuit (section I). 

cj) b = -flux in phase B of a two-phase alt. at instant of short 
circuit (section I). 
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Discussion on “ Calculation op Sudden Short-Circuit 
Phenomena of Alternators,” (Diamant), San Fran¬ 
cisco, Cal., Sept. 17, 1915. 

F. D. Newbury: It is really surprising, as the author points 
out, how little thorough work has been done by American 
engineers on this subject. While Boucherot’s paper was 
presented in 1911, in 1912 and even in 1913 the practise of 
engineers in this .country w r as decidedly loose; for example, 
there was no distinction made between the maximum - possible 
short-circuit current or the value of short-circuit current in 
the special case of a symmetrical wave. In my own experience, 
it was an open question in 1912, whether the important value 
was the maximum possible short-circuit current, occurring 
when the alternator was short-circuited at the zero point of 
the voltage wave, or whether the symmetrical wave was the 
one to consider in practical problems. 

This leads to a reference made by the author to an article 
published by myself in April, 1914. It is elevating that article 
above its intended position to bring it before the Institute, 
because it was prepared to clear up some of these very ele¬ 
mentary points in regard to short-circuit currents, and par¬ 
ticularly to point out the difference in the actual short-circuit 
current value due to the time at which the alternator is short- 
circuited. At that time I was trying to point out a difference 
of 50 per cent between current values rather than a difference 
of less than 5 per cent that we are now’ concerned with. 

J n this connection I w 7 ish to correct an impression that may 
arise from this paper. I am in no way responsible for the 
empirical formula referred to in this paper. That was used 
in the organization with w r hich I was connected at the time 
the article was written; I had no intention of presenting it as 
original, and as far as I know it was proposed either bv A. 
B. Field, or by his assistant, J. A. Kuyser. 

The author suggests that it is desirable to calculate the 
maximum possible short-circuit current from certain constants 
rather than by making short-circuit tests at full voltage. I 
think that is rather a dangerous doctrine. Certainly it is im- 
practicable until engineers generally are convinced of the 
sufficiency of the method of calculation. 

Until w r e are sure of this, the time is not ripe to abandon 
actual tests under operating conditions. Such tests are pos¬ 
sible and are being made on even the largest two-pole and 
tour-pole turbine alternators. Generators should be designed 
to -withstand short circuits in service, and the only way to prove 
that they will, withstand such severe service is to test them 
before installation. Incidentally, such tests are very apt to brino- 
about improvements in coil bracing. 

I agree with the author that the Institute should take up 
this question of the proper definition of instantaneous short- 
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circuit current. It is a proper matter for the consideration 
of the Standards Committee. It is only necessary to add to 
the words: “short-circuit current/’ “the maximum possible” 
short-circuit current; or, as the author suggests, it may be 
defined by stating that point on the voltage wave at which 
the short circuit occurs. However, I think the less technical 
definition given previously is preferable. 

C. J. Fechheimer: The author has devoted considerable 
space to derivation of methods for predicting the rate of decay 
of current after a short circuit has occurred. We believe 
that it is well-nigh impossible to estimate with a reasonable 
degree of accuracy the constants which will affect the rate 
of dying down. Especially will this be true in those machines 
in connection with which instantaneous short-circuit phe¬ 
nomena are of greatest importance; namely, with large turbo¬ 
alternators of small number of poles; this being due chiefly to 
the difficulty of predicting the effect of eddy currents induced 
in the solid rotor, although the importance of other factors 
which make such calculation extremely difficult is not to be 
ignored. After all, we doubt whether an accurate estimate 
of the rate of decay of current is of such great importance* 
The destructive forces come as a result of the current rush 
at the first instant, and if our apparatus is properly protected 
to withstand these forces, the length of time that the forces 
endure, being always of short duration, is of minor importance. 
When a knowledge of this time is desired, it is generally suf¬ 
ficiently accurate to approximate the rate of decay from oscillo¬ 
grams taken on machines of somewhat similar magnetic circuit. 

In order to predict the rush of current at the first instant, 
the two most important factors are—the point of e.m.f. wave, 
at which a short circuit occurs, and the reactance of the circuit. 
In so far as the point of wave is concerned, we should always 
be safe if we estimate the current rush as a maximum that 
which is obtainable on unsymmetrical short circuit. This 
may be taken to be roughly that given previously by Mr. 
Newbury as 1.8 times e.m.f. divided by reactance. We note 
that the author objects to the value of (2 X 0.9 =) 1.8, but 
we are inclined to favor so simple and reasonably accurate a 
rule. From a number of short-circuit tests on different ma¬ 
chines, an approximate method for estimating the reactance 
is obtainable. As stated by the author and we wish to cor¬ 
roborate, the reactance of a three-phase star-connected alter¬ 
nator is substantially the same between terminals when a single¬ 
phase short circuit occurs as wdien all three phases are short- 
circuited. This, then, eliminates some of the difficulties in 
estimating reactance which might arise from effects of mutual 
inductance. In working back from tests, to determine the 
value of .reactance we would favor the method proposed by 
Mr. Field, and referred to by the author. 

It is highly desirable to make alternators so as to vdthstand 
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instantaneous short circuit. Especially in large turbo-alter¬ 
nators, is it important so to proportion them as to reduce to 
a minimum the magnitude of the current rush. This can be 
accomplished by the use of deep slots in the stator, thus allow¬ 
ing for considerable space between the top of the coil and 
top of the slot, thereby increasing the leakage flux linkages; 
and by using a large number of conductors in the stator; in 
other words, by designing the stator for large armature reac¬ 
tion. In order to prevent distortion of the end windings of 
the stator, they must be substantially braced. One method 
for securing the stator windings is shown in the accompanying 
photographs, Figs. 1 and 2. In the oscillograms Figs. 3 and 4 
are shown three-phase short-circuit tests on a 15,000-kv-a., 
11,000-volt turbo-alternator at full voltage. This machine 
had but two poles* and was built for 25-cycle operation. This 
short-circuit test was made with no external reactance in series. 

It is interesting to note that in sustained short circuit, the 
field m.m.f. tends to produce a flux distribution which is 
substantially different from the opposing distribution, due 
to armature reaction. The resultant of these two m.m.fs. 
necessarily produces the flux that induces the e.m.f. which 
causes the current to flow. The e.m.f. in the individual 
conductor is quite different from a sine wave, but the 
current which flows has most of the harmonics suppressed. 
This is due to the two facts that, first, some' of the har¬ 
monics are cancelled in the e.m.f. wave because of chording 
the windings, and because of distribution of the winding; 
and, second, because the high frequency of the harmonics 
prevents the flow of large current. In other words, the current 
and e.m.f. wave forms in the individual conductor are quite 
different. This condition must have some influence upon the 
magnitude of current on sustained short circuit. That is, the 
reactance which we would estimate from sustained short-circuit 
tests is to some extent fictitious. This in general does not apply 
on instantaneous short circuit. 


It is interesting to note that when a short-circuit test is 
made on a large turbo-generator of the radial slot type of rotor 
fire seems to encircle the rotor coil retaining rings for a brief 
penod of time. After shut-down, no traces of the effects of 
this fire can be found. In all probability it is due to emfs 
which are induced by the rapid change of flux, such voltages 
tending to circulate current through the retaining rings and 
the skin effect of the retaining rings tends to prevent the cur¬ 
rent from circulating. 

We are inclined to question the advisability of inserting 
resistance to reduce the rush of current as recommended 
A large amount of resistance would be needed in order that 
its influence be felt, since the current is so far out of nhase 
vith . the voltage. Furthermore, a useless waste would be 
occasioned by the employment of such resistance, and dif- 
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ficulty would be experienced in dissipating the heat incident 
to the losses arising therefrom* 

We also question the advisability of the use of iron in the 
reactance coils (as suggested in the paper) if such are used in series 
with the generator. This iron fails at the critical time; namely, 
when the rush of current is the greatest, owing to the fact that 
the iron saturates. If so large an amount of iron be used as 
to avoid the saturation thereof, it would in general introduce 
a rather large reactive drop under normal conditions, and would 
increase the losses in the circuit. Furthermore, it is doubtful 
whether any material saving would'be effected. 

N. S. Diamant: In section VII, I have discussed in some 
detail the meaning of maximum possible current that an alter¬ 
nator will give when suddenly short circuited and I have in¬ 
dicated what seemed a good definition in the light of our present 
knowledge of the subject. I am very glad that Mr. Newbury 
went further, as I had hoped that someone would, and proposed 
that the Institute take up this matter and standardize the 
exact meaning of the terms maximum and maximum possible 
current than an alternator will give. I trust that the Stand¬ 
ards Committee will not only consider this question but also 
the standardization of the term “sudden short circuits” in 
contradistinction to the “ordinary” or “permanent short cir¬ 
cuits” which may be called simply “short circuits.” 

I need not discuss here the advisability and necessity of the 
above standardizations and even the change of such super¬ 
ficial terms as “constants of an alternator” or “time constant”, 
etc. 

Mr. Newbury states that I seem to advocate or prefer the 
calculation of ■ short-circuit current to actual tests. I may 
have failed to make myself clear on this point and therefore 
I take this occasion to say that I advocate not only actual 
tests but also calculation by means of the methods given and 
thus check results. Only, as I have indicated under section 
VII, actual tests do not always solve the question of what is 
the maximum possible current in any given case so that certain 
amount of assumptions and calculations will be necessary in 
most cases and I believe that careful calculations should be 
made in such cases. 

I think it would be bad and dangerous engineering practise 
to generalize from the comparatively few experiments given ‘ 
and assume that the methods of calculation described will 
give reliable results when applied to any and all types of al¬ 
ternators. I hope that the importance of the subject will in¬ 
duce many to test out the reliability and accuracy of these 
methods and when enough ’data are collected and the methods 
of calculation perfected and -adapted to different types of 
machines then certainly calculations will be preferable to 
actual tests and will even be simplified into some such form 
as expression (39) takes: 
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/»„= K r 


e.m.f. 


impedance 


This is similar to Mr. Newbury’s suggestion, and the constant 
k which involves e~“«» and e-“/« may have a value of 1.75 
or 1.8 or 1.85, etc., according to the type of machine. 

. Mr - Fechheimer’s written contribution to the discussion was 
interesting but I do not think I was able to follow and under- 
stand all the points which he tried to bring out or criticize. 
At the outset he states that it is impossible to determine the 
attenuation factors as I have attempted to do. I take this to 
be a hyperbole to indicate the complicated nature of the sub- 
ject. As I nave briefly explained at the end of section I the 
different quantities involved in sudden short-circuit phenomena 
are very complex So far, I am entirely in agreement with 
* y Fechheimer and this point should not be lost sight of in 
ei er reading the paper or expecting a reasonable accuracy 
m applying the different methods. 

It seems to me that Mr. Fechheimer has failed to interpret 
correctly many parts of the paper and I think in reading it 
o\er carefully he will find explicit answers to his questions 
and criticisms. 

tn -° ^ nd tbat he has deemed ^ necessary 

to call attention to the inadvisability of reducing sudden short- 

circuit currents by means of resistance. I state clearlv that 
reactance coils constitute the “economically £d theofeticahy 

thTcumeifl 011 r°' f thl ® prob 1 1 1 em - If Mr. Fechheimer examined 
statement Q " he wlU see what I mean by the above 

As I have emphasized in the paper, I did not intend to con 
sider the design of reactors but to show the beneficial effects 
of combining a small amount of resistance with reactance 
Obviously m designing current limiting reactors comoromises 
have to be made some of which wm^depenT^^TSdS 
case under consideration and I simplv desired to suvvesTtW 

SSK that Eto be 

thM I If f 1 * 0 shouM “ ,en be included. 

&ms the’ resTts^of h*?® 11 — C ° n ~ 

and e, Fig. 5, give oracticallv +h* th 1 circuits a 

& . 5 fe iVC pidciicaiiv tiie same nf <-*r 

with the neutral in and out as shown 
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RATES AND RATE MAKING 

BY PAUL M. LINCOLN 
Abstract of Paper 

The necessity of recognizing load factor in rate schedules is 
emphasized. To obtain load factor necessitates the measure¬ 
ment of maximum demand; a new maximum demand meter 
is described which depends upon heat and heat storage. The 
theory of such meters is discussed. A new method of measur¬ 
ing power factor and volt-amperes is disclosed and a method of 
recognizing power factor in the rate for electric service is 
discussed. 

I ’HE BURDEN of the reasoning set forth in the following 
A pages lies in the proposition that a logical rate for electric 
service requires information concerning the character of that 
service other than simply the kilowatt-hours of consumption. 
For instance, simply the kilowatt-hours of consumption give no 
indication whatever of load factor and it is pretty generally 
conceded that load factor must be recognized in some manner in 
order to arrive at a just and equitable rate for electric service. 

In view of the fact that, in the case of some 95 to perhaps 99 
per cent of all users of central station electric service, the kilo¬ 
watt-hours of consumption is the only item of information secured 
for billing purposes, this might be interpreted as a sweeping con¬ 
demnation of existing rate schedules for such service. However, 
this general conclusion is not warranted, because long experience 
and study have taught the central station to infer correctly many 
things concerning the character of the loads taken by the various 
users of electric service that may not be apparent to the casual 
observer. Let us consider, for instance, the character of the 
service demanded by the normal private residence, which use, 
by the way, forms by far the largest number of consumers sup¬ 
plied by the central station. Lighting constitutes the bulk of 
the service to these private residences and the hours during which 
lighting is necessary, as well as the variation in the amount of 
energy required during lighting hours, have been determined by 
observation to a very close degree of approximation. Hence, 
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when the central station supplies electric service to a private 
residence, it is justified in establishing a rate for that service 
which is based upon a reasonably accurate knowledge of the 
av erage load factor that will obtain therein. 

Fixing a rate for electric service that is based on simply the 
kilowatt-hours of consumption is closely analogous to the prob¬ 
lem of fixing the rental of a house or an office based on simply 
the ‘ man-hours of occupancy,” if we may be allowed to coin 
such an expression. A perfectly just and logical basis for the 
amount of rent to be paid can be arrived at if we know the 
man-hours of occupancy,” provided we also have reasonably 
accurate information concerning the habits of the occupants, 
bo also, a perfectly just and logical basis for the rates for elec¬ 
tee service can be arrived at from the kilowatt-hours of consump¬ 
tion alone, provided we know the load factor (habits) of the load 
a en. However, if the occupants of our house or office begin to 
spend a larger part of each day indoors, it is evident that our 
former basis of rental becomes illogical. So also' with the resi¬ 
dential user of electric service; if he should begin to use his ser¬ 
vice for more hours per day, the rate that was established formerly 
would no longer remain logical.. In other words, load factor 
must be taken into account if we would have a just and logical 


n this connection we should not forget the evolution that is 
beginning to take place among the private residence consumers 
of electric service. Formerly the only use made of electric ser¬ 
vice was simply for lighting, but of late years the uses to which it 
, b6mg a PP[ ied ar e becoming legion. The flat iron, the toaster 
stove and other heating and cooking devices, the vacuum cleaner, 

- electee fan, the power refrigerator, etc., etc., have already 

fold 11 !°d e I l° f j 1 ChEnge t0 the ch aracter of the residential 
load, and this tendency will unquestionably continue in the 

in tel H 6Ctl0 f r? a r Very mat6rial modifi cation has taken place 
m this class of load. It may not be amiss here to suggest that a 

rate for such service based simply on the kilowatt-hours of con¬ 
sumption, and established during the period when lighting was 
practically the only use made of this service, wil! not rLIS 

tens Th ]USt Ti* T T 636 n6W and rapidly caching condi¬ 
tions. The need, therefore, of some additional information con¬ 
cerning the customer’s load, to the end of making a rate for elec- 
tac servme that shall automatically take account of this pending 
change m conditions, is only too apparent. P S 
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However, justice and logic are not the only criteria by which 
to judge a rate. The question of the cpst of obtaining the informa¬ 
tion upon which the rate is based is one of the utmost importance. 
Even under present conditions, the cost of securing and handling 
the information necessary for billing purposes constitutes a very 
considerable part of the total cost of rendering electric service 
to residential consumers. Therefore, any plan that causes a 
very material increase in this cost, even though it makes for a 
more logical and more just rate, cannot be tolerated. 

When we come to consider other than residential consumers, 
the question of cost of securing information for billing purposes 
is not so pressing. Very few of our modern rates for this class 
of service fail to take account of factors other than simply the 
kilowatt-hours of consumption—factors which in some manner 
recognize load factor. The most usual method is to make the 
rate depend upon the “ demand ” as w r ell as the kilowatt-hours 
of consumption. By 11 demand ” is meant the maximum load 
taken by the customer during some short specified interval of 
time. It has long been recognized that “ demand ” should enter 
the rate for electric service. 

More than 30 years ago, or, to be more specific, in the year 
1883, Dr. John Hopkinson first suggested the use of “ maximum 
demand ” as an item of first importance in the schedules of rates 
for such service. In his presidential address before the Junior 
Engineering Society (British) on November 4th, 1892, on the 
11 Cost of Electric Supply,” he elaborated his ideas on this sub¬ 
ject. So clearly did he show therein that the maximum demand, 
in addition to the number of 11 units ” (kilowatt-hours) used, is 
absolutely essential in arriving at the cost of supplying electric 
energy, that ever since, any method of fixing rates that involved 
the use of maximum demand has been known in general as the 
11 Hopkinson method. ’ ’ 

Since Hopkinson’s first suggestion, there has been much dis¬ 
cussion of this question of rates. Papers almost without number 
have been written on this subject of rates and every phase of the 
matter has received critical attention. For the past five years 
the National Electric Light Association (U. S.) has issued a 
weekly bulletin entitled “ Rate Research,” and devoted to noth¬ 
ing else but a discussion of rates and closely allied subjects. 
Without exception, all authorities have recognized the correct¬ 
ness of Hopkinson’s main contention, viz., that any logical rate 
for electric service must, in some manner, recognize maximum 
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demand as well as the total kilowatt-hours of energy used, 
thereby taking load factor into account. 

When we come to consider the question of how this maximum 
demand of a customer for rate-making purposes shall be obtained, 
we are at once faced with the fact that in general it is not obtained . 
When I say it is not obtained, I mean it in a relative sense. The 
electrical industry of the U. S. and Canada now absorb watt-hour 
meters at the rate of about one million per year. The use of 
maximum demand indicators of all types and descriptions prob¬ 
ably does not exceed more than a fraction of one per cent of this 
number and therefore in only this small fraction of the customers 
for electric energy is any direct attempt made to apply the Hop- 
kinson method of charge. The watt-hour meter has admittedly 
reached a stage of development that leaves but little to be desired. 
The modern watt-hour meter is accurate, cheap and relatively 
easy to maintain. However, it gives only one of the items of 
information that enters into a logical system of rates and makes 
no attempt to furnish any other. 

In order to render to a customer a logical bill for electric ser¬ 
vice, there is required more information than is given by a watt- 
hour meter. There is no better evidence of this than the fact 
that rates based on kilowatt-hours alone are becoming more and 
more rare. The modern rate-maker has long since recognized 
the fact that the information given by the simple watt-hour meter 
is not sufficient to enable him to render a logical bill and by some 
makeshift he has endeavored to take the maximum demand into 
account without directly measuring it except, as pointed out 
above, in a very small proportion of the whole number of cus¬ 
tomers. Probably the most frequent makeshift is to base the 
rate upon the total capacity of the customer’s equipment—the 
connected load—in conjunction with the kilowatt-hours. In 
general, this method is defective because it does not take into 
account differences in the extent to which different customers 
use their equipment, and further, it often acts as a deterrent to 
the increase of electrical equipment on the part of a customer, 
particularly when such equipment will be infrequently used, 
because the bill becomes a function of the amount of. equipment 
rather than the extent to which that equipment is used. It is 
obviously the use of the electrical equipment, and not its mere 
possession, that should incur an obligation on the part of the 
customer to pay for electric service. But there are other make¬ 
shifts; sometimes the customer’s own statement as to the amount 
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of his demand is taken and sometimes one or more direct observa¬ 
tions of the demand are made at the time of day or week when 
customer is presumably taking his maximum, and the rate based 
on this information. When we come to lighting rates, we find 
many kinds of makeshifts. Some rates are based on the number 
of rooms illuminated; the character of the rooms illuminated 
is often taken into account. Another central station prefers to 
consider the area illuminated and still another takes the cubic 
contents of the space illuminated as an element in computing 
the rate. Still another will use as a basis the number of outlets. 
I am perfectly willing to admit that the use of almost any of these 
makeshifts results in a more just rate than the use. of kilowatt- 
hours alone, but after all, they are only makeshifts and their use 
is made necessary because one of the main elements that should 
enter any logical system of rates—maximum demand—is un¬ 
known, so that it is impossible to recognize load factor. 

Unquestionably there are other items beside the kilowatt- 
hours and the maximum demand that should be considered in 
arriving at the ideal rate schedule. Alex. Dow, president of 
the Detroit Edison Co., who has made a close study of rate making 
for many years, suggests three main items (Elec. World , Jan. 2nd, 
1915, page 17) that must be considered in arriving at the cost 
of supplying a given class of customers, viz., “ costs varying 
with the number of customers served, costs varying with demand, 
and costs varying with the use of energy—that is to say, with 
the kilowatt-hours sold.” The first of these items amounts to a 
service charge and needs no metering devices; the second re¬ 
quires the use of a maximum demand meter and the third, of a 
kilowatt-hour meter. Another item that is of prime importance 
(and not directly mentioned by Mr. Dow) is the time of the ocur- 
rence of the maximum demand. If the time of a customer’s maxi¬ 
mum demand coincides with the maximum demand on the plant, 
then customer should manifestly pay more for his power than 
one whose demand occurs when the output of the plant is a 
minimum. Classification goes far toward meeting this point, 
since the time of the maximum demand of a given class of custo¬ 
mers can be predetermined with a reasonable degree of accuracy. 
Classification, however, may be viewed as another makeshift 
in rate-making and if sufficient information is obtained as to the 
customer’s load, classification becomes unnecessary. When 
we come to consider the expense involved in obtaining all neces¬ 
sary information for rendering a logical bill, it may easily follow 
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that proper classification is the preferable horn of the dilemma. 

If the fundamental basis of a rate is logical, there is no reason 
why the same form of rate should not be used in New York City 
as in San Francisco, in Podunk Comers as in Chicago, for power, 
light, heat or any other service that electricity can be applied to. 
But before this can take place, we must have a schedule of rates 
that takes cognizance of all the variables that enter the value of 
electric sendee. Maximum demand is certainly one of these 
variables, and until we have some cheap and reliable method of 
determining such maximum demand, there can be no hope of a 
universal rate schedule. 

It is rather surprising that so insistent a need for so long a 
time has not brought a better answer. While it is perfectly 
true that, with by far the large majority of users, there is no 
attempt to ascertain the maximum demand, this is not true of the 
largest and most important users. Progress has been made in 
the art of measuring maximum demand and some very 
ingenious devices have been proposed and used; however, this 
progress has not begun to approach the point where the measure¬ 
ment of maximum demand is universal. Probably the first 
device that sought to fill the need first pointed out by Hopkinson 
was that of Arthur Wright, of Brighton, England. The Wright 
demand indicator was patented in 1893 and first placed exten¬ 
sively on the market about 1896 or 1897. 

The Wright demand meter is described in a later paragraph 
in this paper. This instrument was used to a very considerable 
extent during the first years of its existence, but in late years 
it has fallen much out of vogue. The reasons that it has not 
been more generally used are several. In the first place, it 
recognizes current only, and consequently voltage must be as¬ 
sumed constant. In the second place, even assuming constant 
voltage, it gives the kilovolt-amperes and not the kilowatts of 
maximum demand. In the third place, it will not indicate a 
consumption below about 20 per cent of its full scale. In the 
fourth place, if used to measure polyphase loads with unbalanced 
phases, or two-wire loads with unbalanced sides, its indications 
are highly inaccurate. In the fifth place, the instrument con¬ 
tains glass bulbs and tubes, and hence is not best suited to with¬ 
stand the severe sendee and rough handling that such instru¬ 
ments are apt to get. In the sixth place, the time-characteristics 
are not very satisfactory; most of the indication is acquired in 
the first few minutes of load, but there is a creeping effect that 
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lasts for an undue time. This will be referred to again in a later 
paragraph. It might have overcome all of these shortcomings 
if, in the seventh place, it has not been generally unreliable for 
reasons that will be pointed out later. Other indicators of the 
same general type of Wright’s have been recently announced, 
but not enough experience has yet been obtained with them to 
determine their sufficiency. 

In addition to Wright’s indicator, other maximum demand 
meters have been'brought out that depend upon determining the 
number of revolutions made by a standard watt-hour meter with¬ 
in some short fixed interval of time and recording the total 
revolutions of the particular period of time which has a maximum. 
These instruments have, in general, given highly satisfactory 
results in all respects except cost. The first and upkeep cost of 
these meters is so high that they can be used only for the larger 
customers. 

In still another type, the time of response of an indicating 
wattmeter of the usual induction type is delayed and regulated 
by an associated integrating wattmeter. This type gives greater 
promise than amThing heretofore suggested. The standard 
graphic wattmeter has also been used to give information as to 
maximum demand and is ideal for this purpose, but the question 
of cost here is even still more serious. 

For the reasons set forth in the foregoing, I have felt for many 
years that the crux of the rate problem lay in the method of meas¬ 
urement and in the items of information that were obtained. I 
have long believed that we would never have a complete solu¬ 
tion until rates were based on the actual measured load factor 
and, therefore, there could be no complete solution until we had 
some cheap and accurate method of measuring maximum de¬ 
mand. 

The remainder of this paper will be devoted to the description 
of certain devices that I vxmld propose for the purpose of meas¬ 
uring maximum demand. 

The meter wilich I- am about to describe is accurate, and at the 
same time cheap; it has a perfectly uniform scale from zero to 
its full reading; it will measure kilowmtts or kilovolt-amperes, or 
both these quantities by two separate pointers at the same time 
and on the same scale if desired, thereby taking pov'er factor 
into account; it can be readily manufactured to give the demand 
that occurs during any period of time varying from one minute 
to one hour (or beyond these limits if necessary); and lastly, it 
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may be used on polyphase or single-phase circuits— balanced or 
unbalanced—with an equal degree of accuracy. 

My device depends upon heat and heat storage, and there¬ 
fore, there may be some question as to just what is the character 
of the “ demand ” that is thus obtained. It may therefore be 
well first to analyze briefly the character of the average that will 
be indicated by any heating and heat storage device. 

If we apply heat at a given rate to any mass of matter, the 
temperature of that matter will begin to rise and will continue 
to rise until the rate at which heat escapes is just equal to the 
rate at which it is applied, that is, until a state of equilibrium 
is established. It can be mathematically demonstrated (see 
Appendix 1) that if heat be applied to a body at a constant rate 
and if the rate of escape of heat from the heated body is propor¬ 
tional to its temperature rise above its initial temperature, the 
relation between time and temperature elevation above initial 
is in a logarithmic or exponential curve. For instance, if one- 
half the final temperature of equilibrium is acquired in a given 
period of time, one-half of the remainder will be acquired in the 
next following equal interval of time, one-half the then remainder 
in the next interval, etc., etc. The heat content is, of course, meas¬ 
ured by the temperature rise of the mass above its initial tempera¬ 
ture. If, therefore, we could have a mass of matter maintained 
in an environment of constant temperature, and could constantly 
impart heat to that mass at a rate that is always proportional 
to the watts flowing into the circuit we wish to measure, the 
temperature rise of that mass at any instant will not be due to 
the w r atts passing at that instant, as is the case with the indiea- 
. tions of an indicating wattmeter of the usual type, but will be 
the resultant of all the wattage flow that has passed, each instant 
of past flow having a value influenced in respect to its time prox¬ 
imity by a logarithmic law. This resultant is not an average in 
the commonly accepted sense of that word. When we use the 
word “ average ,} in its commonly accepted sense, we assume that 
each instant of time over which the average is taken has equal 
weight. In the resultant that is obtained by a heat-storage 
meter, each instant of time has not an equal weight, but the in¬ 
fluence of each instant decreases with its remoteness in point of 
time, and the degree by which the watts during any instant 
influences the total indication is proportional to e~~ kt , where e is 
the base of Napierian logarithms, k is an adjustable constant, 
and t is the time measured backward from the instant of observa¬ 
tion. For want of another name, let us call the resultant thus 
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obtained by means of thermal storage the “ logarithmic average.” 
Such a “ logarithmic average” has some unique advantages 
over the commonly accepted form of average when used for 
maximum demand purposes, which will be further discussed 
later. 

There is a hydraulic analogy that may be of some assistance 
in seeing the action of this thermal storage meter. Suppose 
we wish to measure the average rate of flow of a given stream or 
other supply of water. A Pitot tube placed in a pipe carrying 
the water would measure at each instant the amount of water 
flowing. This is analogous to measuring the w r atts of a circuit 
with a wattmeter of the usual instantaneously responding type. 
Suppose now that the flow of water is very intermittent and we 
are not interested in the instantaneous flow of water, but simply 
wish to know the average amount of the water that has passed 
in say any ten-minute period. This could be accomplished by 
causing the stream to flow into a barrel or tank of sufficient capac¬ 
ity to hold the maximum flow of water during any ten minutes 
and providing it with a hole in the bottom of such size that a 
given and known percentage of its contents at the beginning of the 
ten-minute period will run out—provided, of course, that no new 
water is added during the period. The height of the water in 
the tank would then always be a measure of the “ logarithmic 
average ” flow of water during the previous ten minutes. Our 
analogy would be more perfect if the rate of escape of water from 
a tank were always proportional to the amount of water in the 
tank. This is not strictly true in our water tank analogy, since 
the law connecting head and velocity through an orifice is not 
a straight line law. Still, the analogy is sufficiently close to 
convey an idea of the operation of such a thermal storage meter. 

The equation that represents the relation between the time 
and temperature (see Appendix 1), after beginning’ to apply 
heat to a mass of matter and as described in the foregoing, has 
the general form 

6 = Ti (1 - e ~ kl ) 

where 6 = the temperature elevation above the initial temper¬ 
ature at any time. 

Ti = the temperature elevation attained at equilibrium, 
or the final temperature elevation. 
e = the base of Napierian logarithms. 
k = an adjustable constant. 

and t — the time elapsing after heat application begins. 
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Fig. 1 shows a graph of this curve. The heavy vertical lines 
are drawn across the curve at equal time intervals, such that the 
temperature elevation increases by one-half the remainder for 
each time interval. This particular period of time—that re¬ 
quired for the mass to change its temperature by one-half the 
remaining amount— is the condition by which this curve was 



described in a preceding paragraph. It should be noted that no 
matter what is the final temperature, the shape of the curve 
among which the mass approaches this final temperature has 
these same characteristics. 

It is admittedly impracticable to maintain a mass of matter in 
an environment of constant temperature or continually to impart 
heat to it at a rate proportional to the wattage of a circuit. 



Although* this result is impractical of attainment, it is not only 
practical, but relatively easy to obtain an exactly equivalent 
result. This may be accomplished by using two masses of matter 
which have their relative heat-impartation rate proportional to 
the wattage of the circuit to be measured and determining the 
temperature difference of these two masses. This may be ac¬ 
complished in a wattmeter as follows: Referring to Fig. 2, let 
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a and b be two equal resistances. These two resistances are 
connected in series across the secondary of a small transformer, 
the primary of which is connected across the main circuit. The 
current of the circuit to be measured is also led through these 
same resistances in the manner indicated in the diagram, passing 
from the middle point of the secondary winding in parallel through 
the two halves of the transformer secondary and the two re¬ 
sistances to the junction point between the two resistances. 
If we assume the instantaneous direction of the current to be 
indicated by the small arrow's,* marked J, the direction of the 
voltage at the same instant (assuming 100 per cent power 
factor) will be indicated by the small arrow's, marked E. Even a 
casual inspection will show’ that the relative directions of the 
currents in resistances a and b will be different. Let us represent 
by Ii the current in these, resistance due to the passage of the 
line current I , and by I e the current through the resistances due 
to the existence of the voltage E. In resistance a the resultant 
current will be the sum of I e and Ii, w r hile in resistance b , the 
resultant will be their difference. In resistance a the heat im¬ 
parted will be proportional to (I e + A) 2 , w r hile in b it will be 
(I e - I { y. The difference between these two quantities is 
obviously proportional to the product I e Ii, or proportional to 
watts. It may be shown that this device constitutes a true 
thermal wattmeter and that its indications are always propor¬ 
tional to watts whether the circuit be direct-current or alternating 
current and if alternating current the device is still a true watt¬ 
meter independent of powder factor and wmve form. (See Ap¬ 
pendix 2). 

Such a wattmeter also has a uniform scale. The reason for 
this is indicated in Fig. 3. The curve A represents the heating 
that takes place in one resistance, wherein the heating is propor¬ 
tional to (I e + Ii ) 2 ; the curve B represents the heating that takes 
place in the other resistance, wdierein the heating is proportional 
t0 (j e _ /.) 2 _ Curve C shows the difference between curves A 
and B , and obviously consists of a straight line passing through 
zero when the current h is zero. 

This thermal wattmeter is not new; in fact it is quite old. 
A British patent was hssued to Mr. M. B. Field (No. 15168/97) 
in 1897 covering such a thermal wattmeter. A German patent 
to R. Bauch (No. 111,721) also covers a somewhat similar device. 
However, this idea of superimposing current and voltage 
effects has not heretofore been used in conjunction with thermal 
storage to obtain an effective maximum demand meter. 
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If we embed the two resistances a and b in two similar masses 
of matter and arrange to measure the difference in temperature 
between these two masses, we will have a slow-responding meter 
that gives the “ logarithmic average ” of the energy that has 
passed during a given period prior to observation. The length 
of this period can be fixed by means that will be shown later. 
Since the indications of the device rest on differential tempera¬ 
ture, it is evident that it is entirely independent of the temperature 
of the environment, since that will affect both masses equally. 
It is also evident that such a device may be made to respond 



correctly to a polyphase circuit by using two or more pairs of 
equal resistances, one pair on each phase. 

The type of wattmeter shown by Field or Bauch, or for that 
matter, any other type of wattmeter, can be used to indicate the 
maximum instantaneous demand, but they cannot be used to 
showr the demand that exists over the periods of time demanded 
b\ modern commercial conditions. Maximum instantaneous 
demand is far too variable and uncertain a quantity to be used 
as a basis of rate making. 

All rate-makers recognize that the demand must last for an 
appreciable period of time before it is proper to use it as a basis 
for rate-making. The actual period of time used varies over 
Wlde limits, varying not only with the ideas of the rate-maker 
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but also with the character of the service. One minute is the 
minimum time that I have ever heard proposed and one hour is 
about the maximum. Many other periods have been suggested, 
concentrating mostly on five minutes, fifteen minutes and thirty 
minutes. The meter I am herein proposing is particularly 
advantageous since it permits of being designed * to give the 
average consumption over any desired length of time, as will be 
pointed out later in this paper. 

How shall we measure this differential temperature? One 
method is to use one or more pairs of thermocouples, one'joint 
of each pair being embedded in one mass and the other in the 
other. A thermocouple determines the difference in temperature 
between its two junctions and therefore seems ideal for this pur¬ 
pose. Although this method is perfectly feasible, and some work 
has been done upon it, other means seems preferable. 

The property of matter that causes it to expand with heat is 
one that may be readily used to accomplish the desired object. 
If we use expansion, what kind of matter shall be used? Other 
things being equal, it is only common sense to select that kind of 
matter that gives the most expansion for a given temperature 
change, since that will give us not only the maximum of accuracy, 
but the minimum of complication. Matter presents itself to us 
in three states—gas, liquid, and solid. In point of expansi¬ 
bility, these three states arrange themselves in the order given. 
A true gas at constant pressure varies its volume in proportion 
to its absolute temperature. At an atmospheric temperature 
of 20 deg. cent, for instance, and constant pressure, a variation 
of 1 deg. cent, will cause a change in volume of approximately 
0.34 per cent. 

Liquids vary largely in respect to expansion. As a rule, when 
a liquid approaches its boiling point, its coefficient of expansion 
increases rather rapidly. Liquids with a high-temperature boil¬ 
ing point have a fairly uniform expansion coefficient at ordinary 
atmospheric temperatures. Practically all liquids have an abrupt 
change in this coefficient when they change either to the gaseous 
state by boiling or to the solid state by freezing. The rate of 
expansion is as high as 0.15 per cent per deg. cent, for some li¬ 
quids. For ordinary kerosene the expansion rate is about Q.l 
per cent per deg. cent, and about the same rate holds for alcohol 
at usual atmospheric temperatures. 

When we come to consider solids we find a very much smaller 
expansion coefficient. Among metals, aluminum is nearly a 
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maximum with a linear expansion of about 0.0022 per cent per 
deg. cent. Some solid organic compounds, such as ebonite, have 
a considerably higher temperature coefficient, going as high as 
0.0077 per cent linear expansion per deg. cent. Some may go 
higher, but even the highest expansion of a solid does not ap¬ 
proach the values that may be obtained from liquids or gases. 

The use of a gas is objectionable since its volume depends on 
pressure as well as temperature. If the movement of the device 
requires power, some of the pressure will be expended for this 



purpose, and if a gas is used, some error will result, depending 
upon the amount of pressure required to cause movement. A 
liquid is practically free from this objection, most liquids being 
ahnost as incompressible as steel. The much higher coefficient 
of expansion of almost any liquid, compared to almost any solid, 
makes the choice of a liquid preferable. For these reasons there¬ 
fore, I have chosen the expansion of a liquid as the actuating 
force in my proposed meter. It is, of course, essential to select 
a liquid that will have a practically uniform rate of expansion 
between the temperature limits over which it is used. Or dinar y 
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kerosene is one such liquid, although by no means the only one. 

I have used xylene with success and there are many other liquids 
that meet the necessary conditions. 

Fig. 4 shows one form of my proposed meter. There are of 
course many forms that this meter may take, and this shows only 
one of them. In Fig. 4, the arrangement of the circuits is the 
same as in Fig. 2, A and B being the two resistances. These 
resistances are here shown as immersed in the liquid within the 
closed cylinders C and C'. Tocation inside is not necessary, but 
it makes for a little greater uniformity of temperature of the 
surface. The cylinders C and C' are filled with oil or some other 
liquid that has a proper temperature expansion coefficient; 
D and D' are nests of expansible diaphragms, so arranged that 
as the liquid changes in temperature, the variation in volume is 
indicated by the vertical movement of the rods E and E\. The 
arrangement shown of placing the nests of diaphragms within 
the cylinders will cause a' minimum of interference with ventila¬ 
tion. The liquid is thus sealed into a chamber, the volume of 
which is variable. The outer ends of the two rods E and E 1 are 
connected to opposite ends of an arm F pivoted at its center point 
G. The two cylinders are mechanically connected together 
and so mounted that they are free to move vertically as a unit, 
without affecting the indications of the pointer 0. To the arm 
F is attached the gear sector m engaging with the pinion N, to 
which is attached the pointer 0. The angular position of the 
arm F is obviously dependent upon the relative temperatures of 
C and C’. The effect of this structure is evidently to indicate 
by the position of the pointer 0, the difference in temperature 
between the liquid in C and that in C’. The actual temperature 
of the liquid has no effect—only the difference in temperature. 
It is apparent therefore that this structure will constitute a watt¬ 
meter that has a lag in time between the passage of energy and 
its indication on the meter, the character of. the lag being such 
that the meter will register the “ logarithmic average,. as de¬ 
scribed in a previous paragraph. The time over which this 
logarithmic average is taken may be adjusted by means that will 
be indicated in following paragraphs. A loose pointer may be 
added to be pushed around by pointer 0 and left in its highest 
position and this will indicate the maximum demand since 
lctslj S6t 

In another form that I have tried, I have used Bourdon tubes 
sealed full of an expansible liquid.. As the volume of the liquid 
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changes with temperature, the tubes change their radius of 
curvature and this change may be used to actuate the meter. 
Still other forms will readily occur to those who will give the 
matter a little thought. Forms that use the expansion of gases 
or solids instead of liquids can, of course, be readily devised. 
The main thing is to have a mass of matter that will require an 
appreciable time to become heated, and wherein the thermal 
drops occur at the boundary surface, and not appreciably wi thin 
the mass of matter itself. 

Let us now get some concrete idea of the relation between 
physical size and the time required to heat certain masses of 
definite and specified shape. Let us first assume a mass of 
a spherical shape, freely suspended in still air. By “freely 
suspended I mean so suspended that the suspension conducts 
away no heat, and at the same time does not interfere with the 
escape of heat from the surface by convection. Let us represent 
by E the quantity of heat in gram-calories per second that will 
escape from each square centimeter of our sphere for each deg. 
cent, that it is elevated in temperature above its surro undin gs 
(emissivity). We will assume a straight line relation between 
temperature and rate of heat escape. This matter will be further 
treated later. 

If We assume that the sphere has a radius of a cm., the total 
surface will be 4 7r a 2 cm. and the escape of heat for an elevation 
°I Ti deg. cent, will be at the rate of 4 ir a 2 E T\ gram-calories 

per second. The volume of the sphere will be it cl 3 , the weight 

o 

4 

3 ~ n a s D, where D is the specific gravity, and the gram-calories 

of heat necessary to impart to it in order to elevate its temperature 

by T, deg. cent, will be y tt a 3 DK T h where K is the specific 

heat of the material of the sphere. Suppose therefore we begin 
to impart heat to our sphere at the rate of 4 ir a 2 E T x gram-calo¬ 
ries per second. Evidently it will continue to rise in temperature 
until it reaches the equilibrium temperature of Ti deg. cent., 
where according to assumption, the rate of escape of heat is just 
equal to the rate of imparting. Suppose now we assume that, 
during the process of raising the temperature of the sphere, no 
heat escapes, and that as soon as final temperature is attained 
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heat begins to escape at normal rate. During the process of 
raising the temperature, therefore, all the heat goes into the 
sphere, making the rate of temperature increase constant during 

4 - . 

this period. Since it requires — t a 3 DKT i gram-calones to 

raise the temperature of the sphere by T\ degrees, and since heat 
is flowing in at the rate of 4 7r a 2 E T\ gram-calories per second, 
evidently the number of seconds to attain final temperature will 
be: 


4 v a 3 DKT , 

3 _ 1 DK 
4 tv a? ET X 3 a E 

In Pig. 1, a a a shows the curve of temperature change under 
this constant rate assumption. As a matter of fact, the sphere 
will begin to radiate heat as soon as there is any departure from 
initial temperature and, instead of following the line a- a cl, the 
time-temperature curve will really be the logarithmic curve 

bbb. At the end of 4 a —=— seconds, the temperature will 

actually be 1 - -j = 63.2 per cent, of the final temperature. 

What this really means is that if we apply heat at a constant rate 
to a sphere, the time required to attain any given percentage 
of its final temperature is independent of everything except the 
dimensions of the sphere, the specific gravity, the specific heat 
and the rate per degree of temperature elevation by which heat 
will escape from the heated sphere. 

The time in seconds for a sphere to attain 63.2 per cent of its 

1 DK 

final temperature rise is the quantity -g- a —g- • The value of 

D (specific gravity) is definite and fixed as soon as we have 
selected the material of our sphere. The same is true of the 
quantity K (specific heat). The quantity E, (heat emissivity) 
is the rate in gram-calories per second at which heat will escape 
from each square cm. of the hot body for each deg. cent, of tem¬ 
perature elevation above environment. This quantity follows 
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a somewhat complex law when the temperature elevation is 
large, but a simple one when temperature elevation is small. 
Heat escapes from a hot body in three ways; by convection, by 
conduction and by radiation. The first two ways: convection 
and conduction, follow a straight line law—that is, escape of 
heat through them is directly proportional to the elevation in 
temperature above surroundings—at least, for small temperature 
nses. Radiation, according to the Stefan-Boltzman fourth- 
power law, increases at a much higher rate than the other 
methods of escape. As long as the temperature rise is kept low— 
and by low I mean that the hot body shall not be more than 
50 deg. cent, above its surroundings—the loss by radiation is so 
small compared to the losses by convection and conduction that 
there is no noticeable departure from the straight line law. 

The Stefan-Boltzman law for radiation is 

-Sr — d (7Y - TV) 


\\ here E r = loss by radiation in gram-calories per second pQr 
sq. cm. of surface. 

cr = a constant. 

Ti = absolute temperature of hot body. 

T 2 = absolute temperature of environment 
For “ black bodies” a = 1.277 X 1<H* (Smithsonian Physical 
lables). If therefore we assume the environment at 300 deg. 
absolute (27 deg. cent, or 80.6 deg. fa&r.) and the hot body 50 
eg. cent, higher, the loss per sq. cm. by radiation is 0.0088 
gram-calories per second for a “black body.” For ordinarily 
clean brass or copper surface, such as meter parts would probably 
e made of, the radiation loss is only a small fraction of the 
black body radiation. Langmuir (A. I. E. E. Transactions, 
Vol. 31, page 1229), in interpreting certain results of Kennelly’s 
on copper wires, placed this fraction at considerably less than 
5 per cent. Since convection losses for the same temperature 
difference would be about 0.0125 gram-calories per second per 
sq. cm and since a temperature difference of 50 deg. cent is 

^ + f 7T 0r « than /°° d praCtise WOuld ever dictate, we can 
negligible radiation in a * actual instrument is quite 

When we come to study convection loss, we find a rather 
surprising lack of accurate data on this branch of physics Ab 
authonties agree that convection loss varies direct^ as tte 
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temperature elevation above environment. The shape of the 
hot body also has an effect, bodies of small radius of curvature 
losing heat faster per sq. cm. of surface than those of large 
radius of curvature. Prof. Boussinesq (quoted by Kennedy 
in paper on forced thermal convection, Am. Philosophical Soc. 
Vol. 53, 1914) arrives at the result that convection loss per 
sq. cm. on cylindrical rods is inversely proportional to the square 
root of the diameter. In order to arrive at a conception of the 
physical dimensions of the cylinders of our meter for certain 
specific times of response, we will assume that this square root 
law is correct. I find that it is practically correct over the range 
of cylinder sizes with which I have experimented. It does not 
seem to hold very well with the very small wires (0.01 to 0.07 
cm. diamteter) with which Kennedy experimented (A. I. E. E. 
Trans., Vol. 28, Part 1, 1909), and for surfaces of very large 
radius of curvature the law evidently does not hold, since for 
flat surfaces—infinite radius of curv^ure—it would give zero 
loss by convection, an obvious inconsistency. However, for 

, . ,, 0.00025 

the range of sizes that I would use, the relation A ^/— , 

where a is the radius in cm., holds with a sufficient degree of 
accuracy for ad practical purposes. The accuracy of this 
relation is not essential, since some other value of E will simply 
mean that the times of response that are given in a later para¬ 
graph are not exactly correct—that certain parts might have 
to be made a little smaller or a little larger or modified in 
some other way to arrive at a certain given time of response. 

The effects of thermal conduction will be considered in a 
later paragraph. The determination of E therefore fixes ad 
of the quantities that govern the time of response of oui meter. 
As we have seen, if the meter is made up of two equal spheres, 
the time to attain 63.2 per cent of final temperature is 

t = -J- a ~ = 1333 DK a 3X 

If we consider long cylinders instead of spheres., the time of 
response becomes 

t = 4- a = 2000 DK a 3n 

Z JZj 

(The above values are obtained by substituting the value 
for E.) 
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The question now arises, shall we fix the time of our- device 
by the period required to attain 63.2 per cent of final temperature, 
or shall we use some other proportion? In my opinion, the 
time-value should be fixed as that necessary to attain 90 per cent 
of final value instead of 63.2 per cent. This will mean that a 
steady load that will cause the meter to attain 90 per cent of 
the final value in a certain time period, will cause it to attain 
99 per cent in two similar time periods, 99.9 per cent in three 
periods, etc. In Fig. 5 is shown the relation between the 63.2 
per cent time value (in curve ccc) and the 90 per cent time 
value (in curve bbb ) each on the basis of a ten-minute meter. 
It will take 2.3 times as long for a meter of this type to attain 
90 per cent of its final value as it does to attain 63.2 per cent. 



The line a a a is also drawn in for the purpose of comparing the 
indications of a maximum demand meter giving an average 
of the commonly accepted type with “ logarithmic average 33 
given by the heat storage type. If we place a given steady load 
on each of these three types of meter, they will approach their 
final reading along these three lines of Fig. 5. The meter that 
gives the commonly accepted form of average will indicate a 
maximum demand in direct proportion to the time the demand 
is maintained. For instance, if the demand lasts for only one- 
half the full period, only one-half the normal rate of taking 
power will be indicated; if for the full period, the full rate will 
be indicated; and if the demand lasts longer, then one full 
period, the indication does not increase. With the 63.2 per 
cent meter, if the demand lasts for one-half the period, 39.3 
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per cent of the full rate is registered and for the full period, only 
63.2 per cent; the demand must last 2.3 periods before 90 per 
cent of the full rate is registered, and for 4.6 peiiods before 
99 per cent of it is registered. With the 90 per cent meter, 
if the demand lasts for one-half the period, 68.3 per cent of the 
full rate is registered, and 90 per cent for the full period, 99 per 
cent for the two periods, etc. 

Fig. 6 may give a little more concrete idea of the nature of 
the average measured by a thermal storage meter. Suppose we 
have a load constantly varying with time as indicated by the 
broken line CHDEIKFM. If we apply a thermal storage 
meter to this load of such characteristics that it requires one 



hour for it to attain 90 per cent of its final indication, the cooling 
(or heating) curve of that meter will follow the law indicated 
by curve A. The quantity that will be indicated by'such a 
thermal storage meter at any given instant, (for instance, at 
12 o’clock in Fig. 6), will be proportional to the cross-hatched 
area under the broken line C' H' D' E' I' K' F f M. The value 
of any ordinate of this cross-hatched area at any instant is 
proportional to the value of the power ordinate at that instant 
reduced by the ratio of the ordinate of curve A at that instant 
to the maximum ordinate 0 G of curve A. If we can just imagine 
this curve A as continually sliding along the power curve, the 
quantity which a thermal storage meter measures will always 
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be proportional to an area that is secured at each instant, 
just as Fig. 6 shows it at the instant of 12 o’clock. 

If our meter is a ten minute meter instead of a one-hour 
meter—that is, if it takes only ten minutes to cool down or 
heat up to within 10 per cent of its final value—the quantity 
that will be measured will be proportional to the cross-hatched 
area under the broken line K" F" M. In this case, the ordinates 
of this area are reduced in accordance with the logarithmic curve 
B instead of A; the curve B comes down to 10 per cent of its 
initial value in ten minutes instead of one hour as in the case of A. 

Reference to Fig. 5 will make it evident that the rate of 
taking power as indicated by the 63.2 per cent meter at no time 
exceeds the rate as indicated by the type of meter that gives the 
commonly accepted form of average, no matter how short a 
time of measurement is involved. In other words, the inclina¬ 
tion of the curve ccc at zero time is the same as that of a a a. 
The inclination of the curve bbb at zero time is 2.3 times that 
of a a a or c c c, which means that if the demand lasts for only 
a very short proportion of the meter period, the rate indicated 
by the 90 per cent meter is 2.3 times the rate that would 
be indicated by the meter measuring the commonly accepted 
form of average. I do not consider this a disadvantage since it 
is universally admitted that the user who .makes a large rate of 
demand for power for a short period should pay more than the 
one who makes a smaller demand for a longer period, the kilo¬ 
watt-hours of the demand being the same in both cases. This 
condition is one that is automatically recognized by the ‘ c log¬ 
arithmic average ” meter. 

Another point in favor of the “ logarithmic average ” is that 
the heating of generators, cables, transformers and other electri¬ 
cal apparatus follows exactly the same kind of a law. There¬ 
fore, when we are approaching the limit due to heating, a “ de¬ 
mand ” based on a “ logarithmic average ” is much more logical 
than one based on the commonly accepted form of average. 

Another point should be borne in mind; in a meter that 
measures the commonly accepted form of average, each time 
period is registered without reference to what has gone before; 
that is, each time period stands on its own bottom.. For instance ’ 
if an extraordinarily heavy demand that endures for only one 
complete meter period occurs and one-half of this demand occurs 
m one meter period and one-half in the next following period 
the meter would register only one-half such maximum. The 
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90 per cent “ logarithmic average ” meter would register at least 
90 per cent of such a demand, no matter when it occurs. In the 
logarithmic average meter, it is the increment of energy over and 
above the preceding steady condition that begins to affect the 
registration along this logarithmic law. For instance, suppose 
we have a load that has been maintained at 90 per cent value 
for a long enough period to bring the “ logarithmic average 75 
meter to its steady state. The meter will then indicate the full 
90 per cent of energy. Now suppose another 10 per cent is 
added; it is this increment of 10 per cent that begins to be regis¬ 
tered along a logarithmic curve, not the whole amount. 

Coming back again to the question of the physical size of the 
parts required for a given time of response, we now have com¬ 
plete data to make the determination, provided we assume the 
meter is composed of either spheres or long cylinders, and pro¬ 
vided we know the specific gravity and the specific heat of the 
heated parts. In a previous paragraph we found that the time 
required to attain 63.2 per cent of final temperature was 1333 
DK a 3/2 for spheres and 2000 DK a 3 ' 2 for long cylinders. To 
attain 90 per cent of final temperature these values must be 
multiplied by 2.3. 

In the following table, data concerning the time of response 
for various materials are given: 



A. 

B. 

C. 

D. 

E. 

Aluminum. 

0.583 

778 

18.5 

42.5 

64.0 

Carbon. 

0.36 

4S0 

11.4 

26.3 

39.5 

Cobalt. 

0.898 

1200 

28.6 

65.5 

98.5 


0.83 

1110 

26.4 

60.6 

91.0 

Iron. 

0.902 

1205 

28.7 

66.0 

99.0 

Lead. 

0.34 

453 

10.S 

24.8 

37.3 

Mercury. 

0.445 

593 

14.1 

32.5 

• 48.8 

Nickel. 

0.962 

1285 

30.5 

70.3 

105.0 

Potassium. 

0.145 

193 

4.6 

10.6 

15.9 

Silver. 

0*583 

779 

18.5 

42.6 

64.0 

Tin. 

0.38 

507 

12.1 

27.7 

41.7 

Zinc... 

0.67 

895 

21.3 

49.0 

73.5 

Alcohol. 

0.486 

650 

15.4 

35.5 

53.5 

Glycerine. 

0.726 

970 

23.1 

53.1 

79.7 

Olive Oil.. 

0.442 

590 

24.0 

32.3 

48.5 

Turpentine. 

0.358 

478 

11.4 

26.2 

39.2 

Petroleum. 

0.45 

600 

14.3 

32.9 

49.4 

Xylene.. 

0.392 

522 

12.5 

28.7 

43.0 

Toluene.. 

0.37 

493 

11.8 

27.1 

40.6 
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Column A gives the value of the product of DK\ specific 

gravity multiplied by specific heat. 

Column B gives the time in seconds for a sphere of one cm. 
radius to attain 63.2 per cent of its final temperature. 

Column C gives the minutes for a sphere of one inch diameter 
to^attain 63.2 per cent of its final temperature. 

Column D gives the minutes for a sphere of one inch diameter 
to attain 90 per cent of its final temperature. 

Column E gives the minutes for a long cylinder of one inch 
diameter to attain 90 per cent of its final temperature. 

These results are based on the presumption that E = — 

Va 

If E has some other value, the above values will not hold 
accurately. 

The following table gives in column A the diameter of iron 
rod or wire that will arrive at 90 per cent of final temperature 
in the time given in the first column, as calculated by the above 
formula, in column B it gives similar data for a material where the 
product of DK is 0,5. This is approximately the value of the 
product of DK for a cylinder containing oil as shown in structure 
of Fig. 4. 


Minutes. 

A. 

B. 

1 

0.059 

0.088 

2 

0.094 

0.14 

5 

0.174 

0.257 

10 

0.276 

0.408 

15 

0.36 

0.536 

20 

0.437 

0.648 

30 

0.572 

0.850 

45 

0.75 

1.113 

60 

0.91 

I 

1.350 


There are many ways in which the time of response may be 
regulated. Time to attain a given percentage of final tempera¬ 
ture depends upon the ability of our mass to store heat compared 
to its ability to get rid of its heat. This ratio may be regulated 

in many ways. An analysis of the expression a ~ (time 

o E 

for a sphere to attain 63.2 per cent of final temperature) will 
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indicate many of the possible methods at once. For instance, 
the time of response may be increased by making any change 

1 DJK 

that will increase the value of -g- a —-g— such as increasing the 

dimensions, increasing the product DK or decreasing E. The 
time may, of course, be decreased by a contrary operation. 
Since a sphere already has a minimum of surface for a given 
volume, a change to any other shape will obviously decrease the 
time of response. 

It may also be well to indicate some methods of changing the 
time of response that are not at once obvious upon a considera¬ 
tion of the quantity a • As indicated in the fore¬ 

going, a sphere gives the maximum time of response (considering 
a given amount of material), and a change to any other shape for 
our mass of matter, will decrease the time. This general method . 
of changing the time of response may be carried to almost any 
limit. “ Wings ” which will increase the radiating surface 
without correspondingly increasing the mass may be added 
almost without limit. Also, the heat emissivity E may be in¬ 
creased by artificial ventilation or by immersion in a liquid, or 
modified by other means. Still another possibility is to encase 
the masses of matter in a heat insulation. This will have but 
little effect upon the radiating surface, but on account of the 
comparatively large thermal drop through the heat insulation, 
will cause the heat storage capacity to increase largely. This, 
of course, will have the effect of increasing the time of response. 

The complete analysis of the relation between the rates of 
heat application to two similar bodies and the resulting differen¬ 
tial temperature between these two bodies is given in Appendix 
3. From that analysis it is evident that the time of response of 
this differential temperature may be reduced to almost any ex¬ 
tent by thermal shunting. Suppose, for instance, we made the 
two oil-holding cavities shown in Fig. 4, in the same block o 
metal, so that the rate at which the two cavities may exchange 
heat is very large compared to the rate at which either may lose 
heat by convection; it is evident that such a construction will 
reduce the time of response to almost any desired extent. In 
general, the matter of adjusting the time of response becomes a 
question of design. It is, of course, desirable to reduce, the 
amount of energy taken by a meter to a minimum, and this re- 
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quirement will, in general, lead to a minimum amount of thermal 
shunting between the two masses, since a given time of response 
can then be secured with masses of minimum dimensions, and 
therefore with minimum losses. 

The type of meter shown in Fig. 4 is capable of being readily 
adapted to wide variations as to time of response, using the same 
working parts. This may be accomplished by so proportioning 
the natural tube size that it has a time of response of say fen 
minutes. For longer times of response, jackets may be slipped 
over the cylinders C and C that add to the mass of these parts, 
but do not correspondingly increase the radiating surface. 
For shorter times, jackets of small mass and provided with many 
metal “ wings ” of considerable radiating surface may be pro¬ 
vided. Thus the same working parts may be used to cover a 
large range of time—probably as large a range of time as would 
be called for in commercial practise. 

It may be well at this point to call attention to some of the 
points in design that must be watched. Connections must, of 
course, be made to any meter in order to take in the necessary 
current. Heat will be taken out by virtue of the heat conduction 
of these leads. Take, for instance, a five-ampere meter; this 
would be provided with leads of probably not less than No. 18 
copper wire, and of a length of say four inches. Copper is a 
good conductor of heat as well as electricity—so good in fact, 
that the two No. 18 copper leads four inches long will carry off 
about as much heat as one square inch of surface will lose by 
convection to the surrounding air, assuming that the outer ends 
of the electrical connections remain at normal air temperature. 
Say we have 10 square inches in the surface of each actuating 
cylinder in Fig. 4, it follows that about 10 per cent of the heat 
generated would be taken away by the heat conduction of the 
electrical leads. So long as the conduction of heat away from 
both cylinders is at the same rate per degree of temperature rise, 
there will evidently be no error, since it is temperature difference 
that causes the meter to indicate. The form of meter that I 
have shown is particularly advantageous from this point of 
view, because the connections, as well as all other parts of the 
two cylinders, may be exact duplicates in every respect. 

However, this gives us a clew to the cause of the unreliabliity 
of the Wright demand indicator, mentioned in an earlier para¬ 
graph, particularly in the larger capacities. Fig. 7 indicates 
roughly the construction of a Wright demand meter. A and B 
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are two equal glass bulbs at either end of a glass U-tube C. The 
U-tube C is partially filled with a liquid D. One of the bulbs 
A is wound with resistance ribbon, while the other bulb is simply 
exposed to the surrounding air. The current to be measured is 
passed through this resistance ribbon and the heat due to this 
current causes the air in bulb A to expand. The liquid in U-tube 
C is thereby forced down in the left-hand side and up in the right- 
hand side. An auxiliary tube F catches this rising liquid, and 
the amount of liquid in the tube F as measured on the scale g 



indicates the maximum demand in current since the meter was 
last set. In the Wright meter, it is the differential temperature 
that causes a response, just as it is in the meter I have herem 
proposed. In the Wright meter, this differential temperature 
will depend on the rate at which heat can escape from the resist¬ 
ance strip around the bulb .4 in Fig. 7, and this m turn wiU 
obviously depend, to a very considerable extent, upon| g 

and external temperature of the leads connecting ^_h terminals 
T and TV The radiating surface of the bulb bf the Wnght m . X 
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is °f the order of 5 to 15 square inches. We have seen that a No. 
IS wire (1624 cir. mils) four inches long will dissipate about as 
much heat as one square inch of surface will lose by convection. 

™ e approximate condition for a five-ampere 
meten If, instead of a five-ampere meter, we are dealing with 
say 100 amperes and are using a No. 3 lead (52,630 cir. mils) 
instead of a No. 18, we will see that a very large proportion of the 
heat would be carried away by conduction and thereby cause a 
arge and indeterminate error. In other words, in meters of 
arge ampere capacity, it is not convection that carries off most 
of the heat, but conduction out of the lead wires. We can at 
once see that the size of the leads run to the terminals T and Tj 
o he meter and their outside temperature condition must have 
a marked influence upon the indications of such a meter. If a 
wireman were sent to connect up a 100 ampere meter, he might 
use any size of wire from No. 4 to No. 1, and it is obvious that 
the relative heat conductivity of the wire selected will have 
a marked influence on the indications of the meter. Also, the 
emperature conditions outside the meter will have a marked 
i 7 ' + °f mSta ? Ce ’ b ^ be meter inside a warm room and the 

7 7 ° UtSide thr ° Ugh a wal1 ’ * is ™dent that the 
perature of the outside air will have a marked effect on the 

the air 7 77 “ eter ' WiU make a S" 58 * difference whether 

20 d Z 7 7 ° UtSlde kad Wir6s is a winter temperature of 

fahr ahi 1° W T°’ ° r E SUmmer temperature of 100 deg. 

* 1 e ‘ T ^ 1S . a11 comes about because, with the Wright 

bulb 77 k one i 13 beated and much ° f the heat ° f the ^ot 

camdtii 7 W 7 Y the 1Cad Wir6S ’ P articularl y » the larger 
open o is w n ‘° f . sou f ce 1 of error that the Wright meter is 
f P h 7 + J ° lntS m the leads close to the meter, thereby af- 

no effecfn ° f thS aCtiv€ bulb A ’ while h would have 

no effect on the passive bulb B. 

Not only does this analysis show the reason why the Wright 
h + l777 CCUrate ’ but h in dicates the remedy-viz make 

ton oftit b ^ rf ° f Kg ' 7> ^"dissipa! 

pKshed b , ! Th “ «“ * accom- 

ooiSected 7, ^ b " ,bS ' rith exac ^y duplicate windings 

ThTp.2te b„,h P ff f ^ *° * he ‘ ern,i ” als o£ the ”>eter. 

“uEte “ " ,d be PrOVided "* h a Ending E, which is 

iiXf " respect o£ the B except that the 

theSf SdT t op “- CTOdted so that “ “mnt could flow 
erem, and if this open circuit is made at such a point as not 
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to interfere with heat conduction (the middle of the winding) 
the compensation will be complete. 

A,s indicated in an earlier paragraph, it has long been recog¬ 
nized that the time characteristics of the Wright meter were 
unsatisfactory. It acquires most of its deflection in a compara¬ 
tively short time after the application of the load and then creeps 
to its final position with extreme slowness. A brief analysis 
shows the reason for this action. Referring to Fig. 8, let R be a 
strip of resistance metal connected between two terminals T i 
and 2V current being brought in through the leads L\ and L 2 . 
When current is passed, the resistance strip will begin to heat. 
The time required to heat this strip alone will depend upon the 
ratio of the heat-storing to the heat-dissipating ability of the 
strip. Considering the strip alone, therefore, the time of response 
would follow a simple logarithmic curve. However, as soon as 
the strip begins to rise in temperature above the terminals T\ 
and TV heat will be conducted from the strip into these terminals. 
The ratio of the heat-storage to the heat-dissipating ability in 
the terminals is entirely different from the 
strip, making the time of response for these 
terminals, in general, much longer than 
for the strip. As the terminals begin to 
rise in temperature, heat is in turn con¬ 
ducted away from them by the leads L i and 
L 2 , and these have still another ratio of heat-storage to heat- 
dissipation ability, and as a consequence, still another time of 
response. The final time of response of the average temperature 
rise along the strip R above the surrounding atmosphere is a 
combination of all these times. At first, the time of response 
is dictated almost entirely by the characteristics of the strip R. 
After this attains a large part of its final temperature rise, heat 
is conducted into the terminals and from that point on, the time 
of response is dictated almost entirely by the characteristics of 
these terminals. This time is in general much slower than the 
strip. A Wright demand indicator has practically the same time 
characteristics as the structure shown in Fig. 8, and it is thus the 



Fig. 8 


presence of the terminals and the incoming leads that causes the 
initial rapid response and the later creeping in these devices. 
The addition of the “ dummy winding ” as indicated in Fig. 7 
entirely obviates this difficulty since the relative temperature 
of the two bulbs is independent of the actual temperature of the 
terminals. Thus, the addition of the “ dummy winding 
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not only makes this form of ammeter accurate and reliable, hut 
it also removes the unsatisfactory time characteristic that has 
always been so objectionable in the Wright meter. 

However, the Wright form of meter is so objectionable on other 
accounts that it probably could not compete successfully with 
a form similar to that shown in Fig. 4. It is of glass, it requires 
a considerable amount of free space in front to provide for reset¬ 
ting, and it occupies much more space than the form shown in 
Fig. 4. 

In regard to the question of power factor and its effect on rates 
for electric energy, there is practically no authority that does 
not agree that power factor should be taken into account in some 
manner. The user who takes his energy at a low power factor 
uses more generator capacity, more transformer capacity and 
more transmission and distribution capacity, than the user who 
has a high power factor. Although 
this has always been acknowledged, 
it has rarely been recognized in the 
rate for service, for the s im ple 
reason that there has been no 
simple and effective means for de¬ 
termining the power factor of the 
customer's demand. Fortunately 
the meter I have described lends 
itself beautifully to a system of 
rates that includes - power factor 
as one of the variables to be determined and recognized in the 
rate. A description of my method of accomplishing this may be 
of interest. 

- Any wattmeter is also a reactive component meter when 
properly connected; in fact, the wattmeter measures theprojection 
of the current of a circuit upon that particular phase angle that 
is across the voltage coil. Refer to Fig. 9, and let OA represent 
m magnitude and direction the value of the volt-amperes we 
wish to determine completely. Let AOC be the angle of lag in 
the volt-amperes taken. A wattmeter will measure the pro¬ 
jection OC, while a reactive component meter will determine 
the projection OB. It is evident therefore that if we use both a 
wattmeter and a reactive component meter and combine their 
indications in a proper manner, the quantity OA can be deter¬ 
mined both m magnitude and in direction. A further analysis 
will show that it is not essential that the projections determined 
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be on the axis and the yy axis. Suppose we have a voltage 
direction zz. A wattmeter with the voltage across sz will deter¬ 
mine the projection OD. It is obvious that we can combine any 
two of the three quantities, OB, OC and OD to determine the 
magnitude and direction of the quantity OA , provided we know 
the angle between the directions along which the two projections 
used are measured. It is simply a matter of determining the 
position of a point when its distance from two lines disposed at a 
known angle to each other is given; a matter of very elementary 
analytical geometry. 

Fig. 10 shows one method in which this principle may be used 


;C 

OUTPUT — KILOWATTS — INPUT 



to deter min e the watts, volt-amperes and power factor of an 
electric circuit. A and 3 are wattmeters in the circuit (one in 
each phase) and A' and B' are reactive component meters. It 
is evident from the structure shown that the movement of the 
small vertical rod cc in a horizontal direction will be in proportion 
to the watts of the circuit. Also, the movement of the horizontal 
rod c' c' in a vertical direction will be in proportion to the reactive 
component. The intersection of the two rods cc and c'c' will 
therefore be an index of watts, reactive component, volt-amperes 
and power factor. The watts will be measured on the horizontal 
scale, the reactive component on the vertical scale, the volt- 
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amperes on the circular scale and the power factor on the diagonal 
lines. 

. Thus ’ a single instrument will give practically all of the informa¬ 
tion that one wishes to know about an alternating circuit 
except voltage. It would seem that an instrument built on lines 
indicated in Fig. 10 would have a very considerable field of use- 
fulness. 

In the ordinal case, one quarter or less of the scale shown in 
Fig. 10 would be sufficient. The entire scale of Fig. 10 is needed 
only when the load swings from input to output and when the 
phase under either condition may be either lagging or leading. 



Ordinarily the load flows always in one direction—either input 
or output as the case may be; ordinarily, also, phase always lags 
or always leads, as the case may be. Each of these conditions 
cuts off one-half the complete scale in Fig. 10, and both conditions 
cut off three quarters of it. 

. -*- n some cases it may be an inconvenience to use the two-dimen¬ 
sion scale shown in Fig. 10. The quantities that are most needed 
for rate-making purposes are the watts and volt-amperes of 
maximum demand. A convenient method of avoiding the dis¬ 
advantages of the two-dimension scale, and at the same time 
securing the value of the maximum demand of both these 
quantities, is shown in Fig. 11. Here AA and BB are respec- 
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tively a wattmeter and a reactive component meter of the type 
shown in Fig. 4. The moving parts are provided with exten¬ 
sions c and c' which are disposed at a right angle to each other. 
The pointers P and D' are actuated by cords which pass around 
pulleys E and E f . In the case of the wattmeter, the cord is 
attached to a fixed point, and from this point passes through a 
small hole in arm c immediately adjacent to the fixed point of 
attachment, when the arm is in its zero position, thence around 
small pulley E and is wound round and attached to pulley E. 
It is evident that the cord will always be pulled out and the pulley 
E rotated by an amount proportional to the watts. To actuate 
the pointer D' of the volt-ampere meter, the cord is attached to 
the arm c and thence passes through a small hole in arm c 
located immediately adjacent to the point of attachment to c 
(these points being selected at zero volt-amperes) and thence 
around the small pulley F* and is wound around and attached to 
pulley E f (axis coincides with pulley E ). Owing to the right angle 
relationship between arms c and c', it is evident that this cord 
will be pulled out and pulley E'rotated by an amount proportional 
■j^Q *\/where w is the watts and wi the reactive component 
of the circuit. This quantity is volt-amperes. Two loose 
pointers may be provided to show the maximum of each quantity 
that has occurred since last set. 

At some relative values of watts to reactive component, there 
will be some error in the determination of volt-amperes on ac¬ 
count of the departure from a right angle relation between 
arms c and c'. If desirable, other mechanical structures may of 
course be devised to avoid this source of error. 

Summary 

1. A logical and just rate for electric service cannot be based 
on kilowatt-hours alone. 

2. Load factor must be recognized in some manner in order 
to arrive at a logical rate. 

3. In order to recognize load factor it is necessary to measure 
both kilowatt-hours and maximum demand. 

4. Measurement of the demand is preferable to inferring this 
quantity by any indirect means. 

5. Measurement of demand by heating and heat storage 
devices leads to a logical result, since the limiting capacity of 
the apparatus for supplying the service is fixed by a law of like 

kind. 
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6. Power factor should preferably be recognized when 
measuring demand, since the heating capacity is limited by kilo¬ 
volt-amperes, not kilowatts. 

7. Devices, depending on heating and heat-storage, which 
are simple, cheap, and accurate can be supplied for the purpose 
of measuring maximum demand either in kilowatts or kilo¬ 
volt-amperes, or both. 

8. The time period for these devices may readily be varied 
to cover the entire range recognized by modern practise. 

APPENDIX 1 

If we apply heat to a mass of matter, what is the law that 
connects temperature rise with time? 

Let E — emissivity in gram-calories per sec. per sq. cm. of 
boundary surface per degree cent, of tempera¬ 
ture rise above environment. 

“ S = area of the boundary surface in sq. cm. 

“ T i = the final temperature rise attained above environ¬ 
ment (which remains at constant temperature). 

“ M — the amount of heat (in gram-calories) stored in 
our mass of matter for each degree of temperature 
rise. 

“ 6 ~ instantaneous temperature above environment. 

When heat is applied to our mass of matter we will assume 
that the thermal drops within the mass are negligible compared 
to the thermal drop from the boundary surface of the mass to 
the environment. The error resulting from this assumption in 
actual practise is so small as to be inappreciable. The rate 
at which heat is applied in order to attain a final temperature 
of Ti degrees is evidently S E 7\ gram-calories per second. In 
a differential time dt the amount of heat that enters the mass 
is evidently SETi dt gram-calories. Part of this heat goes 
to elevate the temperature of the mass and the remainder escapes 
from the boundary surface into the environment at a rate propor¬ 
tional to the temperature rise above environment at that instant. 
If B is the temperature rise at any instant, then the rate at which 
heat escapes from the boundary surface is evidently S E Ti 

$ 

jr or E 0, and the amount of heat that escapes in differential 

time dt is S E 6 dt The amount of heat that goes to elevate 
the temperature of the mass in the same differential time is 
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evidently M d 6, where d 6 is the differential 
perature that occurs in time dt. 


Obviously, 


S ETidt = S E 6 dt + M dd 


increase in tern- 


The solution of this differential equation is: 

6 = Ti (l-e“3T‘) 

The time of response evidently depends wholly upon the 
value of the coefficient of t in the exponent of e. Further, this 
value obviously does not depend upon the final temperature, 
but simply upon the size, shape, material and environment of the 
mass of matter—quantities that are constants with a given mass 
in a given environment. 


APPENDIX 2 

Let I e be the current that flows through the resistances that 
is proportional to the voltage, and I, the current therein that 
is proportional to the current of the circuit measured. If the 
currents I e and Ii are direct current or if they are alternating 
current of the same wave shape and in phase, it is obvious that the 
resultant current when I e and I,- are superimposed is I* + U 
when Ie and U are of the same sign and I e - Ii when of opposite 
sign. The heating effects are of course proportional to the 
squares, of these values, and the difference in the Seating of 
these two derived currents is (I e + Ii) 2 - (L- U) - 4L <, 
and therefore proportional to watts. 

When Ie and I< are alternating currents of different wave 
shapes and out of phase with each other, the result is not so 
obvious. Suppose we have any e.m.f. wave that has an effective 
value of I e . It is well known that this wave may be assumed 
to be composed of a fundamental frequency sine wave having 
an effective value of 1 .1 upon which are superimposed harmonics 
of higher frequency having effective values of I.* for the second 
harmonic, I., for the third, I.« for the fourth, etc., etc. It 
is well known that 

I? = Iel 2 + Ie? + I'** + ' • ' ' 

Similarly in any currept wave, 

I? = Iu 2 + fis 2 + - 

Let us now superimpose I, upon I. the fundamental frequency 
u being the same as it, but having a phase difference of 8,. 
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Let us further assume a phase difference of d 2 between I e2 and 
Iiz> of f? 3 between I eZ and I iz etc., etc. It is well known that super¬ 
imposing In upon I e i there being a phase difference of 6\ will 
p roduce a resultant sine w ave having an effective value of 
V^Jei 2 + In 2 + 21 e i In cos 6i. If now In be reversed with respect 
to I e i the resultant current is V? el 2 + I {1 2 - 2I el 7,a cos d v 
The heating effect of these resultant currents is proportional to 
the squares and the differences in heating effect of these two 
resultants is obviously 4 / el In cos di. The reversal of with 
respect to I e will obviously reverse each harmonic and the 
difference in heating effect of each resultant harmonic is evi¬ 
dently of the form 4 I en Ii n cos 6 n . Where currents of differing 
frequency are superimposed, the resulting heating effect is equal 
to the sum of all the heating effects of the various frequencies 
taken separately. 

Therefore, in heating effects, 

(Ie + Ii) 2 - (Ie - It) 2 = 4 [ I el In Cos eI + I e2 In Cos 0 2 + 

I eZ IiZ COS 6 Z T. ] 

As is well known, the quantity within the brackets is the 
general expression for the energy of an alternating circuit having 
any voltage wave with an effective value of I e and any current 
wave with an effective value of U and any phase difference. In 
other words, superimposing h upon I e first with one relative 
direction and then with U reversed with respect to I e and sub¬ 
tracting the squares of the resultant currents thus obtained, 
gives exactly four times as large a result as multiplying the 
instantaneous values of I s and 7* and integrating the product. 





APPENDIX 3 

Suppose we have two similar bodies A and B to which we 
apply heat respectively at the rates of Hi and H 2 gram-calories 
per second. Suppose further that these two bodies are connected 

r by a thermal shunt c, that will carry heat be¬ 

tween A and B at the rate of Q gram-calories 
per second for each degree cent, of temper¬ 
ature difference. Assume that the surface and thermal storage 
of shunt C are negligible. What is the law that governs the rela¬ 
tion between rates of heat application, resulting temperature 
differences and the time of response of temperature diff erence 
after beginning the application of heat or a change in its rate of 
application? 
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Let Hi = the rate in gram-calories per second at which heat is 
applied to A. 

Ho. = the rate in gram : calories per second at which heat is 
applied to B. 

Q = thermal conductivity of shunt C in gram-calories per 
second. 

9 1 = instantaneous temperature of A above environment. 
d 2 = instantaneous temperature of B above environment. 
E = heat emissivity of each body in gram-calories per 
second per degree cent, per sq. cm. of surface. 

S = surface in sq. cm. of A or B (similar). 

M = amount of heat in gram-calories stored in A (or B) 
per degree cent, of temperature rise. 

It is then evident that 

Hi dt = amount of heat that is put into A in differential 
time dt. 

J? 2 dt = amount of heat that is put into B in differential 
time dt. 

S E didt — amount of heat that escapes from surface of A 
in differential time dt. 

SE 0 2 dt = amount of heat that escapes from surface of B 
in differential time dt. 

M d 9 1 = amount of heat that is stored in A in differential 
time dt. 

Md 9 2 = amount of heat that is stored in B in differential 
time dt. 

q (Si-O^dt = amount of heat that flows through shunt from A 
to B time dt. 

It is evident that there are only three ways to account for 
the heat that enters A , namely, 

(1) It may escape from the surface by convection. 

(2) It may escape by conduction through thermal shunt Q. 

(3) It may be used to raise the temperature of A. 

Exactly the same statement is true of -B, except that the sign 
of the heat transferred through the thermal shunt C is opposite. 
It is evident therefore, that, 

Hi dt - Q ( 9i - 0 2 ) dt = S E 9i dt + M d 9i 

H 2 dt + Q ( 9i - 0 2 ) dt = S E 62 dt + M d 02 
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Subtracting, 

(tf x - H t ) dt - 2Q(9 1 -Bt)dt= Md (9i - 0 t ) + SE(9i- 6 % ) dt 
Or, 


(Hi - Hi) dt -(SE + 2Q) (9 X - 9 t ) dt = Mi ,(9x - 0 2 ) 


This differential equation is of exactly the same form as that 
derived in Appendix 1 and similarly its solution is 


9l — 02 


Hi — Hi /, _ -sa+gQ 

SE + 2 Q V 1 ~ ^ M 


) 


It will be no.ted that when Hi = 0, 0 2 = 0 and <2=0 this 
equation reduces to exactly the same thing as found in Appendix 
1. as of course it should be. 

This analysis also makes it evident that the differential 
temperature between two bodies having heat applied to them at 
different rates follows the same kind of a transient time law as a 
single body maintained in a uniform enviro nm ent Also, it 
shows that the law is not disturbed in form by the introduction 
of thermal shunting between the two bodies. The diff erential 
temperature (0i— 0 2 ) becomes finally, when t becomes very 
large, proportional to the difference in rates of heat imparting 
(Hi - H 2 ); the differential temperature approaches this final 
value along a logarithmic curve, and the time in seconds to 
attain 63.2 per cent of final value is 


SE + 2(2 

If Q is zero and the body is a sphere, this reduces to exactly 
what we had before. If Q be made large compared to 5 E, 
this. will obviously affect both the final value that 9 1 - 0 2 
attains—making it smaller—and also affects the time to attain 
this final value—making it shorter; this is evident since the 
quantity S E + 2Q appears both in the coefficient of the quantity 
(1 — e~ At ) and also in the exponent of e, in a coefficient A of t. 

As we have seen from Appendix 2, the value of the quantity 
Hi - Hi is always proportional to the watts of the circuit, pro¬ 
vided we have an arrangement similar to that shown in Fig. 2. 
If therefore, we measure the differential temperature 9\ — <? 2 
it will constitute a true wattmeter measuring the “ logarithmic 
average ” of past energy flow. One of the essentials in making 
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the quantity Hi — H 2 always proportional to watts is to keep 
the two resistances (a and b, Fig. 2) always at the same value. 
If those two resistances are different in value, the line current 
(Fig. 2) no longer divides equally between them and consequently 
the Ii that superimposes on the I e in one resistance is not of the 
same value as the that superimposes on I e in the other resis¬ 
tance. The two resistances are normally at different temperatures 
and it is consequently desirable to use materials for resistances 
a and b that have no temperature coefficient or to use other 
means of maintaining proper relative values of I e and h in these 
resistances and then compensating for the variation in resistance 
with temperature. It is not difficult to secure resistance ma¬ 
terials that hav.e a negligible temperature coefficient; but even 
if we used materials with a temperature coefficient,compensation 
would be possible. The final value of 6 i 82 depends on the 


Hi - H2 
SE + 2Q 


and if a given condition makes the numerator 


of this fraction vary, no error will occur provided the same con¬ 
dition makes the denominator vary in the same proportion. 


The time of response depends on the ratio 


SE + 2Q 


and exactly 


the same statement is true of this ratio. Further, the quantity 
actually* measured by the device shown in Fig. 3 is not 81—62 
but a differential expansion depending on differential temperature 
and' the resulting expansion gives a further opportunity for 


compensation. 

That the value 6 i - 8 2 is still'independent of all surrounding 
temperatures is possibly not entirely apparent at first sight, and 

may therefore justify the submission of 


t proof. Suppose we have two similar 

—-v bodies A. and B and that they ha\ e 

64 y heat imparted to them at such a rate 

VJV that they attain a temperature of 

di and 0 2 respectively. Suppose that each body loses heat by 
convection at the rate of a gram-calories per second per 
degree cent, of temperature above surrounding air, assume 
to be at 04 degrees cent. Suppose further that each body 
is connected by similar thermal shunts to another body T 
(meter terminal, for instance) kept at temperature 0 3 and that 

heat will pass through these thermal shunts at the rate of b 
gram-calories per second for each degree cent, of difference 
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between T z and A or B. The rate at which we must supply 
heat to A is evidently 

H a =a (0i- 04 ) + b (0i- 0s), and similarly, the rate at 
which we must supply heat to B is 

Hb — CL (02 — 04) + b (02 “ 03) 

The difference in these two rates of heat application reduces 
to 

Ha - Hb = (a + b) (01 - 0 2 ) 

That is, the relation between the difference in rates of heat 
application and the resulting difference in relative temperature 
is dependent simply upon the sum of the rates per degree by 
which each body may lose heat by convection and conduction 
respectively, and is independent of the surrounding air tempera¬ 
ture and of the temperature 0 3 at which the terminal T may be 
maintained. In fact, the temperature 0 3 of terminal T might 
easily be so low that it would reduce the temperature of both 
A and B below the surrounding air 04 . In this event heat would 
enter A and B by convection from the surrounding air and both 
this heat as'well as that generated within the bodies A and B 
(H a and H b ) would then escape to T through the thermal shunts. 
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Discussion on 


Rates and Rate Making 
York, October 8,1915. 


(Lincoln), New 


William McClellan: I am interested in the theory of the 
maximum demand meter, and I hope Mr. Lincoln will pursue it, 
so that we can get a good type of maximum demand meter. It 
is needed, but the inference that it is universally needed is not in 
my opinion true. It is my firm belief that rates and rate-making 
are about ninety-five per cent commercial and about five per 
cent engineering. We must have a certain amount of general in¬ 
formation along engineering lines to understand what a true rate 
should be, but our commercial men, who familiarize themselves 
with fundamental facts, are the men best qualified to make rates. 

The amount of engineering knowledge that they must have 
is very small indeed. It is true that anybody who starts out 
to make a rate soon learns that no matter how he expresses 
his rate, whether as a so-called fiat rate, or the so-called 
Hopkinson rate, tw T o charge or three charge; it all comes down 
in the end to the fact that you have three distinct charges to con¬ 
sider. First, because the man is on your line as a customer; second, 
a charge because he really forces you to keep a certain amount of 
equipment on hand to supply him with a varying demand; and 
third, because, if he chooses to take more and more energy, you 
have got to make and supply it. 

Now, you will find if you analyze the conditions of supply, as 
some of us have done for many companies, that there is a 
comparatively small number of customers in whose cases it is 
important that maximum demand be accurately measured. 

I was going over the affairs of a company not long ago and found, 
for example, that ninety-five or ninety-six per cent of the cus¬ 
tomers took seventeen per cent of the energy that w r as given out. 
When you bring in diversity factors you find under analysis that 
there is a large number of customers to whom the customer 
charge is by all means the most important * If you could 
be sure of getting the customer charge out of them you could 
almost afford to give them their energy for nothing, it is such a 
small part of the increased cost of keeping that customer on your 

^Therefore, if you are going to give a maximum demand meter 
to every possible customer, as some people believe ought 
to be done, you are going to increase this customer charge 
which is so hard to get. The cost of the introduction of a 
new meter includes testing for accuracy. Our public seruce 
commissions are requiring that all meters be kept within a 

certain accuracy. . , -n A a 

That a good maximum demand meter is badly needed, one tn 
is cheap, and needs very little maintenance, is unquestione . 
There is a lot of work for such a meter to do. . 

Now, the second feature is, that, after all, as a commercia 
matter, they are useless in many respects. I think you would be 
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surprised to know the number of people who complain because the 
bill this month is larger than the one last month. Now then, 
you are going to have them compare demands every month and 
ask you to come around and explain the maximum demand fea¬ 
ture. You can take this maximum demand theory and separate 
your operating expenses and your investment, and work in your 
diversity factors, and so on, and finally arrive at just what you 
ought to charge a customer on the basis of the figured profit. 
Then the first thing you meet is your municipal schedule for 
lights, where often you cannot, for a variety of reasons, get 
what you ought to charge. That disturbs a lot of things, 
because if you are going to get the total profit you ought to 
have, it is obvious that you have got to get it out of some 
other class of business. Moreover, the residents have to be 
considered as voters. That is the plain English of it. Per¬ 
haps you ought to get a 10-cent or a 12-cent maximum charge, 
but you cannot, and consequently your maximum demand 
feature is gone entirely. 

The inference that perhaps in rate-making we do need a maxi¬ 
mum demand meter for all customers in order to get a logical 
rate, I will grant as a technical matter and as a logical matter; 
but I say as a practical matter it is very questionable if we need 
anything of the sort, except for those customers wherein maxi¬ 
mum demand is really a very serious factor, and for whom we 
can afford to install a meter and keep it in order. 

If your max mum demand meter is out a certain percentage 
and you are actually charging from $2 to $10 per kw. demand, 
depending entirely upon what kind of demand it is, you can 
imagine what a little mistake will make on a monthly bill, if you 
are dealing with a maximum of a certain type. All of those 
difficulties come in, so I am contending tonight that this matter 
of rate making is hardly an engineering matter. It is very much 
of a commercial matter, and I should be very sorry to see us go 
away with the idea that the ultimate end of all rate making is a 
maximum demand meter installed on the premises of every cus¬ 
tomer. 

Edward J. Cheney: . For ordinary residence business, and for 
much of the commercial lighting and power business as well, 
we have not yet come to the point where we can make up a rate 
schedule sufficiently complete to take in all of the factors 
which theoretically enter into the cost of service. 

We necessarily have to neglect those which are less important. 
For the great bulk of business, in numbers of consumers, not in 
total sales, the demand cost is considerably smaller than the 
consumer cost; but even if we assume that we do want to make a 
rate schedule that follows the theoretical cost curve, how much 
would we be helped by having a demand meter in ordinary 
residence installations? Will the demand that we measure be 
the demand that affects our production costs? Certainly 
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not if the peak on the station occurs during the light¬ 
ing ’ hours and, as we hope will soon be the case, consumers 
put in apparatus which at other times of the day for heatmg 
cooking and power purposes will take more current than the 

llS The g maximum demand instrument would record that large 
block taken during the daytime, which we are glad-to f ^msh 
the consumer without penalizing him It would n °t catch tlu 
demand put upon the peak at the time when it.is :reallyserious. 
This point becomes more important as the efficiency of 1 B 
in* goes up, so that, for lighting, the power required becomes 
less while the use of electricity for other purposes increases.. 

Thin tkere is another thing. I do not see how we could 
exDect to read such a meter oftener than once a month,. anc * lt; 
would necessarily record the highest demand made dtmngjhe 
month. Almost every consumer will at °ne bme dur g 

the month make a large use of his installation there ma be 
a party at his house, but on that night the nei S^°rs "i-11 be 
at his house and will use no current at their own houses. I he 
station will not suffer by reason of that peak, and why should 
the man be penalized in his whole month s b ^ because on th 
one night he used all of his lights for a little while, whereas the 

^We^have a^od°deal I^troubllin^isti'fying rates I perhaps 
s^not say°in Justifying them but 

reasonable to the consumers, and I am quite sure “ 

not seem reasonable to a consumer to have his whole montn. 

bll fixed-by what he happened to do f ° r e f rates'that I 
Philander Betts: The most complete study cof 
have made was about two years ago ^ “^ ecfa on the mte^ 
a water comt)anv To show the difficult} m t y & . 

in effect a loffically^nd theoretically correct schedule, I would 
elntin 'that°thewhole matter came up because of a complaint 

S2S Sim charges. The custo'ved 
meat of a minimum charge, for which they Reived some 
tblncr and thev certainly would not agree to pay a 
cil’efor Shfcy considered they received nothing »e 
recognized tlf correctness of the theory, of course, but the 

“icSiSi eSSSred the idea that rate making 

or at'least the apgmation of rates is 'the 

take exception to that, to tms exrem, T nf- k the people 

raf szxsss-XiStffi. 

:SlSSSS-".r„KS.S=J2 

‘ S££d rnan ' s 

standpoint. 
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I do agree with Mr. McClellan in this statement, that the 
greater proportion of customers use so little energy in total 
kw-hr. that the customer cost, that is, that part of the cost 
which is proportioned to the number of customers, is a very 
large proportion of the total cost of service. This being the 
case, we ought to be very careful how we increase that element 
of cost. 

The addition of another meter, or the use of a meter which 
costs more than the present meters, of course increases the cus¬ 
tomer cost. Anything that involves an increase in the cost of' 
meter reading, recording, billing, and so on, increases the cost. 
Indirectly there is another increase. One of the things which 
takes considerable time in the commercial office, along about the 
10th of the month in almost every electric light office, is ex¬ 
plaining to numerous customers just what a bill means. If 
that bill is made out for a certain number of kilowatt-hours at 
a certain straight rate, say ten cents a kilowatt-hour, there is 
very little to be explained, except to explain to the customer 
how it came that he used that number of kilowatt-hours. On 
the other hand, a rate that starts off by charging for the first 
certain number of kilowatt-hours, ten cents, and then eight 
cents for a certain number and so on—that kind of schedule 
certainly takes more of the time of the clerks in the commercial 
office, than the simpler form. 

'YVhen it comes down to the application to a great number of 
customers of a complicated schedule of rates, although theo¬ 
retically correct, it is very difficulty to explain to the great 
majority just what it all means. 

I have been impressed with the necessity for one more thing 
in connection with getting the maximum demand, and that 
is to ascertain the time of its occurrence. 

To go back to the question of the proportion of the customers 
concerning, whose maximum demand we ought to have knowl¬ 
edge, and in connection with whose bills we ought to apply a 
theoretically correct schedule, I w r ould venture the opinion tjjat 
it ought to be applied to all customers where the average 
monthly bill is say greater.than five times the minimum charge. 
iNow, I think that if that idea were taken as a basis for further 
investigation that it would be found it would pay to apply a 
better schedule of rates than we have, to those customers whose 
ordinary monthly bills under present conditions are more than 
five times the minimum charge. 

What we need to know in connection with those customers 
to whom we ought to apply a schedule of rates which takes 
account of the maximum demand, is when the maximum de¬ 
mand, occurs with reference to the peak load on the plant. It 
is easily seen that, if the maximum demand of any customer 
°. cc T rs during the day time, even with a load curve exactly 
similar to that of another customer where the maximum de¬ 
mand occurs coincident with the lighting peak, we do not 
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need to apply the same demand charge. A customer who will 
use his service at times other than, peak times, with many 
companies, gets a special consideration. A number of com¬ 
panies that I am familiar with have schedules under which the 
customers agree to disconnect their service absolutely during 
certain hours in the day, and certain months in the year. 

If we could have the time of the maximum demand properly 
shown, it would be a very simple matter then to apply to the 
demand charge a certain percentage representing the relation 
between the time of that maximum demand and the time. of 
peak load on the plant. This would result in greater justice, 
and also in building up the business in a better way. We all 
know that these theories can easily be applied to large customers. 

I was speaking tonight with a representative of a company 
which supplies hardly any customers whose demands are under 
50 h.p., and in connection with that company probably every 
one of the customers pays enough to warrant the installation 
of a graphic meter. It is the customers whose bills range from 
$10 upward that we ought to cultivate in such a way as to. in¬ 
duce them to use a larger number of kilowatt-hours at a time 
when the cost to the company is smaller. 

John W. Lieb: The general statement in the paper that it 
is important to know the load factor in. order to formulate a 
proper rate for rendering an electric service, may be conceded. 
That it is necessary for the rate so formulated to contain the 
load factor as a stated element in the actual.expression of the 
rate in order that it may be deemed logical, is to say the least, 


open to question. ' ‘ 

For instance, the fact that the charging of a storage battery 
requires under normal conditions some six or eight hours use 
of the capacity with a resulting fairly definite load factor would 
seem to lay a proper basis, outside of or m addition to other 
service conditions, for the establishment of a class rate for that 
particular service; it does not follow, however, that the rate 
so established shall necessarily be expressed or stated in tern 
of that load factor; the mere statement that the rate is for th 
charging of storage batteries affords a reasonable and prope 
classification 1 based on the essential character of ^V clas ® 
service, and the load factor may, therefore, be properly assume 
as implied in the class rate without specific expfessm - 

This is the case with many of the ^spates of« rites mav 
nanies where in* the calculations on which the class rates may 

5 ST? e e ffi y«blSed, 

the lose, £ iSES'iSbS 
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It may be true that the individual case may depart some- 
w at ±rom the average assumed for the class as a whole x but such 
a variation should no more invalidate the general basis of the 
rate than the case where with identical annual load factors one 
consumer uses all of his current in two or three months, 

w another spreads his demand uniformly over the whole 
year. 

While know that in the operation of our street car systems 
the length of the ride has at least as great an effect on the cost 
oi transporting passengers as the load factor may have on the 
cost of serving an electric lighting customer, yet we prefer in 

V°™ case to base our rate of fare fundamentally on the 
cost of the average length of ride of all passengers and not in¬ 
dividually on the length of haul of each passenger. On this 
basis we shall soon be enjoying in this city a ride all the way from 

oney island to Mt. Vernon, a distance of about twenty-five 
miles, for the single universal fare of a nickel. The force of 
tins may perhaps be better appreciated when we point out that 
it is generally understood that in this city any passenger who 
travels over 4 to miles is carried at a loss. So in our rate 
making, even though the basis may not be theoretically perfect, 
it makes for^ simplicity to base our classifications on average 
group conditions of load factor, diversity factor, etc., and not 
on .j. e characteristics of each individual customer, thereby 
avoiding senous complications in the formulation of the rate 
and m the method of the practical application to the individual 


TJ e author suggest® that the change in the character of the 
residential load, brought about by the use of heating and cook- 
mg appliances, may involve a modification in the rate scale for 
residences. This may be perfectly true, but it by no means 
follows that the solution lies in the addition to the service 
equipment of a maximum demand meter. In fact, I believe 
quite the opposite is the case. A much more obvious solution 
is found in the establishment, where desirable, of a low second- 

rL° a r J ertl t ry rat ,?’ Such as . is used b - 7 the “p° int 5 ” group in 
England, where all current in excess of a certain quantity is 

sold at a ha penny per unit, to make it attractive for heating 
and cooking purposes. s 

The use of the maximum demand alone as a factor in the rate 
S any me ans make it theoretically perfect, for the 
+ 4 e demand occurs may be of-even more im¬ 
portance than the amount of the demand, as far as the cost 
of rendering the service is concerned. 

JJ e Z disagree with the author in the statements to the 
effect; In order to render to a customer a logical bill for 

SvpnT Servi , c ,\ t3iere 1S required more information than is 
given by a watt-hour meter, ” and again, “ There is no better 

f^ denc , e of tlns tdan the fact that rates based on the kilowatt- 
hour alone are becoming more and more scarce.” In my 
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opinion, the author has not, in any facts he has given us, laid 

^Fo^S: toagS ewi?h that residential 

rates which consider as or'ft*aS 

number of rooms illuminate . illuminated or the number 
or the cubic contents of the Spa "trC a more iust rate than 
of outlets, results as the aut i°r y , • something more 

the use of kilowatt-hours alone^ requues_^som^ ^at effect. 

than the bare statement ° f ^ 1 imperfection ofthekw- 

Xaf cf^ St “S E eleS Kghting business, and that is its 

understandable simplicity- maximum demand meter is 

Now, we must admit that the maximum adva ntage, 

a very useful instrument indeed, and capaoie, ^ than 

of a nude use, a much ^? a , e Le^nrooer field of its applica- 
it has heretofore receive ^ residential consumers to which 
tion can hardly be the class ran® attention, 
the author has devoted so ^\ t 0 a bssund e rany practicable 

hut which entail a 

direct loss to the supplying company.^e ^ the largest 
A few years ago a -miroximately^lOO.OOO customers 

companies, having at the tim PP enue derived from various 
of all classes on its books, of t 10,000 customers 

groups of customers. It was found thsti ^’^pg^o 

received bills ^rSg less than $1.50 a month 

customers received bills av f; nf all the customers served by 

and 40,000 customers or 40 pCTce f ^ $2 .50 a month. 

the company, r 1 ecelved .^ 11 f„!'If m | n t in addition to the stand- 
To add another service iiastra ^ dental fixed charges 

ard watt-hour meter, with its*wd etc ., does not appear 

and further maintenance, jepams m™g, ^ tHs prob i e m. 

to me to be a forward step m the direct reS ulting from its 

When we add the additional aSd then in 

use as a factor in the rate, m m g would app ear that some 

te“apphc C S 3 

theoretical study. _ making is greater simplic ty, not 

What we need m our rate nuuang & , cost of con- 

additional complication; lessen® ’ re d U ced not an augmented, 
necting each new customer,border that it may be practicable to 
SSt'S: rates ' f ad™li, ^ut acreajngourlos*a 
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coltof makbiV itiTfd the T fu ” d ‘‘mental basis of all rates is the 

to iHr™ add “ 

period as wp ^nrmt j ’ t ^ e 5 I avera gmg the cost over a longer 

apilv the ilS? 1 ' Lincoln really meant in his paper to 
as those who rP ™' emand indicator to small customers, such 
S mehtri P ° f W v f0r Hghtin g house s; but it seems 
did thl subwav Vof fylt JUSt ab ? ut the same as M r. Lieb 
of a nickel-but" I \ § ° t Nl am distance at a flat rate 

that is ready to take me to the p tro11 ^ company 
other nlaop 'Th^-r^ ° -^yttalo, or San Francisco, or any 

think we will find g6t i lnto wil °l esa ^ business. I 

wffeslle .wftl *>« "‘oil and the 

The wholesale thoroughly famihar with the retail. 

retail customer Th“r e FSL^isT^ inbe P endea % of the 
meter described by Air! LincSm Y tmCt fieldforthe 

It is made up OiTwhaf wp° U if a ver y complex subject, 

which follow P appro X imately I1 a S flL C Hne fi n St ’ 0perati , n 2 charges, 
For short periods of +i™ a l -u at ™ e, 1 or a ver ^ ^- eve l curve. 

areperhapsVeeorfoSfaSS^tettan 0 ^ 411 ' ^ ?" geS 

As the time meson and =><= S'es ater than the operating charges. 

or nearer one hundred per cen^ the^vS^ha hec °T es S reat f r > 
tivelv negligible whereas th P X6d c ^ ar ^ es become rela- 

important s?m ® °P eratm e expenses are reaily the 

feel that there is a very distinct hepm c tf?^ e t 1 therefore 

ppon the real cos. of poSe “S' Sch a SS fo "“g f “ e , d 
customers. cn a s y stem for wholesale 

Mr*^Lincol°’ lS fUnCt f nS 
and concise discussion of tT ip -nm a a • Fmcoln s very clear 

belief that he bTS ivSE’dtt ” “ “=,*» ‘be 
demand indicator, which is now kv pnnciple of a 
cial product. afely estab bshed as a commer- 

He makes the statement: “ Other indicators of the ssmte general 
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general sufficiency. . . ^jff pr pntial thermometer 

constructed. 6 primarily^as'a lagged indkatkig ammeter, butja^- 

rsstrssss 

used as a measuring device, but P deflection curve and 

H demand indicator lies entirely in its ^detlecuo^ ^ 

the method of obtaining such a cu • rist ^ cs of the Wright 

in the paper under ^“^^““btainable; tfat 
demand indicator are not of t * . t 0 f i oa d is extremely 

is, the rate of deflection m the firs Wt^ time interval 
rapid, while that dunn^ th designer wa s, therefore, to 

is slow. The problem befo W as nearly as possible 

construct a device which would appros LC ^ S c( J n ha I pointed out 
the straight line characteristic which Mr. bincom na y 

as being ideal. 







N 

\ _ 



&r 

f/) 

a 






x- 


/ / 

«/ / 



, 













-—- 


S' 


I 

I 


o '— 1 —ia 20 -» 40 

Fig 1-Comparison op Curve or Tvpe H and Logarithms Aver- 

age Curve 

The first experimental device constructed^ 

upon the principle of thermal s g ■ heating element, but 
element was heated not directly b J^the nearing Qr _ 

indirectly through a thermal storag ^ found that this cor- 
tional to the time interval esir • . ^ rather far 

rented the curve to l WS^£dS*tMr. Lin- 
from the ideal desired. The curve om c average .» 

coln has so aptly chn f“5 d to the adaption of a second thermal 
Further development led to . tbe JW^uetors which has very 
principal, that of beat - a ° t ? e desirable time constant in- 
materially assisted in obtai “^ , today. Instead of allow- 
herent in the Type H as manu - ' erCT y to act upon the 

ing all of the heat developed by tjeflowdj ^ of a spiral 
entire measuring element, d e vicevn | early part 

thermostatic spnng Jjves L e uncompSSi device. 

curve thatyouareldi'probably familiar with, the Wright demand 




,2328 


RATES AND RATE MAKING 


[Oct. 8 


indicator, which is uncompensated. I have drawn in the inter¬ 
mediate curve the logarithmic average, so. christened by Mr. 
Lincoln, taken from one of the curves given in the paper; and, 
third, the characteristic curve of the Type H demand indicator. 
As I stated before, the characteristic of the Type H, without a 
heat flow compensation, would be coincident with the logarithmic 
average curve, but due to the fact that that does not approach 
very closely to the desired straight line characteristic, an addi¬ 
tional compensation was introduced, which, as you see, did im¬ 
prove rather materially the form of curve obtained. I should 
like to illustrate rather carefully the use of the heat flow idea 
which was employed in con¬ 


nection with the Type H. 
Fig. 2 illustrates one of the 
operating elements of the 
Type H demand indicator, 
consisting of the spiral ther¬ 
mostatic spring A, the stud 
B , which mounts the thermo¬ 
static spring and the heating 
element, and the heating 
element itself, C. 

It will‘be noted that heat 
generated within the heating 
element C must be transferred 
from the element to the stud 
B and thence to the spring A . 
It will also be noted that the 
spring A i; connected to the 
stud at one point only—the 
innermost. The additional 
compensation, that is, a com¬ 
pensation additional to the 
thermal storage idea, is ob¬ 



tained by the construction 
as illustrated. As the tem¬ 


perature of the stud B gradually rises, on account of the 
current flow, the temperature of the inner end of the thermo¬ 
static spring increases, thus creating a temperature gradient 
from the point a to the point/. Such difference of thermal po¬ 
tential causes heat to flow in the conductor from A around the 
spiral toward the other end of the spring. If the spring is so 
proportioned in length, section and ratio of radiating area to 
volume that the increase of temperature reaches the point b in the 
first five minutes, c in 10 minutes, d in 15 minutes, etc., then at 
the end of 30 minutes the entire thermostatic spring .will be 
increased to its maximum temperature. With such a condition 
it is obvious that the deflection of the thermostatic spring during 
the first five minutes when approximately f of the thermostatic 
metal has been subjected to the increased temperature, will be 
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materially less than it would have been if the entire thermostatic 
spring; had been heated up to the temperature of the section from 
a to b. It is thus obvious that the time deflection curye of the 
Type H must at all points lie below the curve of a device using 
heat storage alone, and, therefore, must approach more nearly a 

straight line, as illustrated in Fig. 1. 

I was particularly interested in the cause to which is ascribed 
the'unreliability of the indication of the Wright demand indi¬ 
cator; that is, the varying sizes and thermal capacities of the 
leads, with which the device is connected m circuit. Inord r 
test out this possible variation m connection with the 1>P 
demand indicator, a test was made, using first No 14grub 
covered wire, and, second, J-inch bare copper rocd. which I 
believe is the extreme in possible connecting wires. Lnder such 
conditions, a variation of slightly less than one per cent was ob- 

ta ?^h also to point out that perhaps Mr. Lincoln has over¬ 
looked one other point, the change in the volume ofthe: measunn* 

heren defect in demand indicators operating upon a definite 

time interval basis. He h “ between two 

made upon the service exactly a S^t between the next 

demand periods and ceasing a ^ ^ ust be considered as a 
two demand periods. Th , on the type of loads on which 

very special condition and no - - wanting such a 

d mand indicators are employed However 

possibility, I still cannot St* wh ich is the extreme 

Wis,o£conrse onetoandofthemonthw ^ wfeh are 

maximum but there are * n nted by ra te experts 

substantially the. same * ^ . • tbe de mand measurement is 

that what they w sh o de e « tbe device mav not record 

the average conditions, and.^^^rdsubst antially equiva- 
^“sTnTp“rSp?Sm a betterbasis of billing as be ng 

more rep esentative of ^f c fj^omdiSSiisunder wh ch. prac.ically 
The eare, o cou. e, sp-cia con wiU not gi ve a correct 

any existing orm of ® it { . obv iou; that a demand 

ind cation, and under such wb - c h does not make it 

ndicator operating upon a prm jd ^ ^ be use(L 
appl cable to that oad ii + 0 -point out what I consider 

In this connection, i. m gJJ^ 1 mentioned by Mr. 

a very much more enous defect m ^ d ype- the time 

Lincoln in the following wa ttmeter of the usual induction 

typ'eis flayed and related by an associated integrating watt- 
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fore^uggested”^ 6 glV6S gr6ater P romise th &n anything hereto- 

th t T-° l0 ^ condit ’ ons un der which the operation of 

.■ e ,1 e ice mentioned is extremely erratic, in one case giving prac- 
t ^ no mdication and in the other case giv'ng a demand higher 
than the average In order to illustrate the effect of such Lndi- 

ei?or 1 Pirsf ‘I® t a . d wbich gi ves the maximum poss'ble 

_ °h r a lo . ad which is thrown upon the cfrcuit from 10 

S ^ 13 ° ff f ° r a PP rox ‘mately the same tme, 

a chameterk^f i° n / e ? eat n ,?. ltse ’ f indefin tdy. This would be 
elevLtor^et? l0ad ° f * ^ “ g miU ’ an electric welder, hoist, 

t0 t + he fa ft that onl y the advance of the pointer of the 
from a^indi>«f- d 1S , retarded b >: the watt-hour meter, (the return 
P(5nter would hpf ° b ?. m § “stantaneous), the action of the 

tooLIdLL ? n i e Shghtl3 : dur.ng the low Portion, return 
to U, rise slightly m the next load portion, and so on It is 

indTcTed^while^he^ 15 COndition P, ra ctica'ly no demand will be 

halt .t^aSaLe«™a“Sl' Sh “ ld b ' 

coSLTvsw^^^r 111 ^ 136 -^ 0 ^' 11 more clearl y b y a load ° f 

Ss t f °f the , tll ? e interval ’ ( so that the pointer 

one-half the w ^ 4 “ d t hen a doubling of that load for 

will indicate th?' J£?‘ Und f ■ SUch conditions, the device 
Broadlv Sft2 5? ^ '“posed “ one-half the time interval, 

depending- unrm tL n ’ th ? mtenral 1S a variable amount, 

dted aWe ? r t vl0u ? h:stor y of the load. In the case 

cited above, the time interval error is of course exaggerated but 

interval STe™" T” of “the Vme 

conations La n? A P f tl 0 nate i y vanable - Because of the two 
over-redsfratiL VSa?^ 6 f u ^ d er-registration, and the other of 
device gives cn-eatArL that Mr. Lincoln’s statement, “and the 

th^Wdlh^d 1 pom t. s out that one of the undesirable features of 

closeiy a^c^mLciTuy practicable 6 device n0t appr ° ached more 
propped 3 "device^AA S( djthe stress laid upon the fact that the 

taof Ze'^ ° ne based »” ““ commonly accepted 

of Lfem d ors k cah°lA P s 0i t nt °J that at the present time th e heating 
generators, cables, transformers, and other electrical apparatus 
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is not proportional to kilowatts, but substantially proportional 
to the second power of the current. If the statement quoted, 
there ore, is correct, it would appear that an ampere record 
would be more .desirable than one in kilowatts. 

The description of characteristics of the proposed demand 
indicator have been confined entirely to its ascending curves, 
and no mention has been made of the form of the descending 
curves. This, I wish to point out, is practically as important 
as the ascending when variable loads are considered, as the 
final indication of the device depends not only upon the rate 
of advance, but upon the rate of return upon a reduction of load. 

J. B. Taylor: Personally, I feel that the expression “a theo¬ 
retically correct rate,” which is often used and has been used a 
number of times this evening, is beyond the conception of any 
commercial man or any engineer. To take one thing like the 
maximum demand as disclosing all that need be known for the 
equitable and graded rendering of bills, is, to say the least, 
absurd; because the time at which it occurs, the power factor, 
the position of the customer on the line, the position of the cus¬ 
tomer with relation to other customers, the relation of the j-oa 
to the size of transformer, the drop in leads, relative position 
to the load center, etc., are truly some of the factors which, 
cannot be neglected if one is concerned with making what he 
conceives to be a “theoretically correct” rate. The result of 
some endeavors to establish a theoretically correct rate based on 
one or two of what may seem to be the more obvious factors out 
side of the definite flat rate, would seem often to curtail the use 
of the very products which the whole enterprise is establishe 

t0 The maximum demand indicator is a desirable device for de¬ 
termining whether an individual customer is overloading his 
transformers, meters or wires, but unless the small customer 
has a possible demand so great that it may cause damage why 
should 3 he be discouraged from using all the P^abW 
If the system is capable of delivering only 3000 or 4000 md 
a single' customer comes on with a demand for a thousana or 
Jo hf is Ta peculiar position as regards the plant as a whole 
and special rates may properly be devised for him l ; but^ hre 
or four thousand small customers it is hard to see hov ani one o 
these taking ten,.twenty or even a hundred times his normal 
load can do otha than swell the receipts of the.company. That 

peKSSS of Klowatt-hours have 
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been used in the month, and then expect to put on the maximum 
demand indicator, with an excess rate, if this greater amount 
of current which apparently they desire to sell is used on two 
or three special occasions. 

William McClellan: Constant reference has been made to 
the fact that it is important to know the time of the load curve 
at which the maximum demand occurs. Of course, I agree with 
that, but there is one point that I think is being overlooked: 
When you are talking that way you are talking entirely on a 
so-called cost theory. I do not think it can be assumed that 
the value of service theory has entirely disappeared from our 
rate making. As a matter of fact, the man who makes a kilo¬ 
watt demand ought to be expected to pay just as much for it 
whether he takes it on or off the peak, although it is true that 
if he increases that peak he increases your total cost of rendering 
service. There is such a thing as a value of service theory, that 
I do not think is entirely apart from rate making. One of the 
hardest things we have to do in reference to these complex 
rates, is to make a man understand why if some other consumer 
just^keeps off the peak he can get a lower rate. We explain 
to him very carefully that it is being off peak that reduces his 
service bill; but he looks at it from the point of view of the value 
of service. He says, “ I get a kilowatt; so does he. He makes 
use of it, so do I. It is not of more use to either one of us than 
to the other.” As a matter of fact we do not do much of that, 
except to those that we cannot get in any other way. Of course 
that lower rate is an inducement to get everybody to work off 
peak. Then often you cannot get your city arc lighting contract 
except by surrendering something; your wholesale rate for resi¬ 
dences may be way dow T n and then you may have a great big 
competitive block that you cannot get in any other way than 
making a rate which will induce a man to cut out his steam 
engine. . Those cases are absolutely fixed; while in every 
community there is a number of consumers to whom service 
is extremely valuable. As you must have a certain total 
revenue in order to stay in business, it is not hard to see who is 
going to pay the bill on the value of service theory. That is 
a distinction that has got to be taken into consideration, and 
I think after all is a fundamental reason why we cannot adhere 
to cost theories of making rates. We must get a set of rates 
upon which we can do business and live. 

• J^ or y ears central station men in their commer¬ 

cial discussions of rate making have besought the manufacturers 
to develop a good maximum demand meter. We have not told 
them or indicated^ that we wanted such a meter for every cus¬ 
tomer upon our lines, but we have undoubtedlv wanted such 
a meter. 

\ y ir ? ply indicate that we still want such a meter, 

and I hope that Mr. Lincoln will continue the development 
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of his meter and that Mr. Hah vnh ^us f^her m- 
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them perhaps for fifteen or tw 3 residence customers, 

and not for the seventy-five percent oiour res statem ent 
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pSiSbe n°“esS a tt Stroduce'a rotating detdee if direct 
current were used. ; n -r^e statement “ that 

- and 

consumption is but a sma p what is the maximum de- 

While it is of importance to w each par ticular consumer, 

mand, load, power facto , •> f central station equip- 

this does not represent what. capacity oi r _ The diver 

ment shall be reserved for ^ particih^ ^iposed on the central 
sity factor makes the maximum P f maximum 
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demands of all its customers h art Sent to find out how to 
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^eVESs instituting the basis for the detewnination of 
rates for various dasses of easterners are: 

1— cost of current 

2— cost of delivery of the current 

3— cost of other services required. 

It is quite evident that no. demand in^cator 
light on the correct determination of the ram 
elements of the rates. should be penalized for the 

I fail to see why the c0 ^“® re for the power plant more 

company’s inability or neg individual peaks. Neither do I 

uniform load, balancing p- maker should neglect thesec- 

see sufficient reason why the rate ^ ^ through which 

ond element, the charge Those served through under- 

the given customer is served, mow 
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ground conduits should have a higher rate than those fed directly 
trom overhead high-tension transmission. Similarly, the maxi¬ 
mum rate of demand determining capacities of feeders and trans- 
r 1 4 1 ? ers assi § ne d t° a certain customer should affect only this part 
ot the total rate. On the other hand, the third element of rate, 
namely, prorated general business expenses such as supervision,' 
meter reading, billing, etc., remains practically constant per 
customer whether his peaks are heavy or not, whether his bill 
is 35 cents or $35.00 per month. 

In other words, demand indicators or any modification of this 
class of instruments, neither make the reason for certain charges 
clearer to the customer, nor do they affect the most important 
part of service cost. The fact that many researches are being 
made m this direction indicate, to my mind, a need not for an 
instrument but for a revision of prevalent methods of rate 
making. 

T. I. Jones: In any analysis of the proper form of rates in 
connection with the cost of supplying electric service, it must be 
borne m mind that the principal object of all rates is to get the 
business I may add, to get the business at a profit—and 
any form of rate, be it ever so exact from a theoretical standpoint 
tliat is not conducive to this end, fails of its purpose. 

Rates, to be satisfactory, must be simple, easily understood 
and comprehensible to the layman, who knows little or nothin^ 
about the technical side of the question. Particularly is this 
true of the smaller customer. 


Mr. Lincoln, m his paper, states: “ When the central station 
supplies electric service to a private residence, it is justified 
m establishing a rate for that service which is based upon a 
reasonably accurate knowledge of the average load factor that 
will obt am therein. 


Now, as a matter of fact, if we come to consider and analyze 
average P ri ^ate residence or apartment, 
ill find that load factor is one of the least important items 
of cost. . When you consider that there are in one company which 
I have m mind, over 20,000 residence customers whose monthly 
bills are less than Sl.00 per month each, you will realize what I 
mean. 

As a matter of fact, perhaps the greatest element of cost to 
the average residence customer is what we mav term the cus- 

ofh,T S ? a r ft~T- C, ? St ° f service > jading the meter, the making 
of bills, and the auditing and collection of accounts. Before the 
supply of current at all, these items make up a part of the fixed 

dencS f° f a castomer ’ s service, which in all of the smaller resi- 
dences form the greater part of the cost of the supplving com- 


in the t0 °’ is ™ C - ases almost a minor element 

in the total cost of service. Especially is this true when one 

the VP® of lam P s now used with residence bills of 
$1.00 and less and then considers what these bills will be as he 
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efficiency of lamps is improved upon. The kw-hr. consumption, 
then, will become less and less, and those companies who have not 
a minimum guarantee or a customer’s charge aside from the 
matter of kw-hr. consumption, will find the number of unprofit¬ 
able customers increasing at an alarming rate. 

Then, too, the private residence consumer, who is now 
using more and more heating and cooking apparatus, ott times 
in the greater majority of cases, will use this apparatus 
at a time when it is very much off of the peak of the central 
station. Should he be penalized then by a rate which would 
measure his demand on the off-peak use of such a de\ ice? 

Mr Lincoln also states: “ The modern rate-maker has long 
since recognized the fact that the information given bv the simple 
watt-hour meter is not sufficient to enable him to render a logical 
bill and by some makeshift he has endeavored to take the maxi¬ 
mum demand into account without directly measuring^ it. 

It is quite true that the mere kilowatt-hour charge ot t re cus¬ 
tomer, as before pointed out, is not all that should heme uce in ^ i 
logical bill but as a matter of fact, neither is the maximumme- 
mand with the kw-hr. rate sufficient in the large majonty o 
SKs of residence customers. So where the demand 

ic as unimoortant as it is m residence service, uh\ O o to tne e. 
pense of measuring it when for all intents and purposes it can - 
estimated satisfactorily m its own unimportant ro - 
What Mr. Lincoln has to say on the general subject 

Many companies base their rates for be consider ed 

widths of maximum demand.. thiirtxr minutes 

that a maximum demand haying a tune dem h and ' having a 

would be materially different from * device which is con- 
time interval of fifteen minutes, a _ - CO nsidera- 

structed on a basis of definite rme 1 ^ gucb t j ie company 

tion to whether or not the t “ ie J? , ed ^ it s max imum demand 
using such a device has already adopted m its max 

rate schedule. . . n t u e sv stem, such as in 

On business of excessive demiand ^ of five minutes 

hoisting or intermittent toads.«a demai ad^ of a central 

is not excessive, while on th ■ K , much too small. On 
station business five mmu es w . width of maximum demand 

L“one houf ThlflS toss that must be considered in .he 

may be so arranged as to bn g k Here t he time at 

power used, off of the central. ■ st ^°" f^tor, and this element 
which the demand occurs is antmporta t0 the central 

must be considered m making what 
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station manager as an off-peak rate. In fact some of the largest 
business of the central stations today is based upon rates wherein 
the demand is far removed from the demand of the central 
station. In such cases the demand charge is materially reduced 
in the customer’s bill. 

There is, however, need, and a vital need, for a first class maxi¬ 
mum demand indicator, cheap, compact and accurate, and any 
study along those lines will be welcomed by the central station 
industry as a whole. 

A. W. Burke: The commercial men would like to have a rate 
based on the maximum demand of load factor curve and then 
like to interpret that rate and administer it to satisfy themselves 
in order to get the business; and I quite agree with them, that is 
what you have got to do to get the business. 

The question of a maximum demand came up recently, and it 
was finally decided that we should have a maximum demand 
contract. After a lot of work a maximum demand contract was 
prepared. It was based on the hour’s use of the connected 
load, and all the other things that go into it.- When we came to 
apply that contract we found a certain number of people were 
willing to accept it. Others were not, because they were not 
sure that this maximum demand charge was just. Difficulties 
arose when it came to the question of obtaining a satisfactory 
maximum demand meter. I found that they had maximum 
demand meters abroad, but had got tired of them and had 
adopted a new device which they had termed the excess watt-hour 
meter. This is a sort of compromise, or you might call it a 
substitute for the maximum demand meter. Instead of selling 
you at your actual maximum demand, they will contract to sell 
you so much power. For instance, we will say 10 kw., and you 
will have a sliding scale covering all the power you can use with¬ 
out exceeding 10 kw. demand. For all the power that you use in 
excess you will have another rate. The excess watt-hour meter 
is the instrument which determines between the amount of 
power taken at the lower rate of consumption and the amount 
of power taken at the greater rate. At that time such instru¬ 
ments were not available in this country. I wished to try the 
scheme and see if there was anything in it. We have done so, 
and have been successfully working such an instrument of a 
makeshift design, for the last year. If a customer does not want 
us to put a maximum demand meter in, we will sell them on an 
excess basis, and we find that the majority of them want to buy 
on an excess basis. 

We find from the actual results in placing the demand meter 
alongside the excess meter that we have arrived at practically 
the same thing, and we have got a customer that understands his 
rates. He understands that if he keeps below the fixed maximum 
he will have a very low rate, but for every second that he exceeds 
that amount he is paying a penalty. 

Such a rate has been successful in Europe. There were, just 
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before the war, five manufacturing companies making these 
meters, which would indicate it might be a satisfactory compro¬ 
mise. We have found it to be a successful means of dealing with 
the maximum demand question. 

F T. Leilich (by letter): On the assumption that the loss of 
heat from a mass follows a straight line law, which as pointed 
out is practically true for relatively small temperature elevation, 
Mr. Lincoln writes the following equation (Appendix 1): 

SETi dt = SEd dt + M dd (1) 

This may be written: 

SETi = SEd + M dd/dt (2) 

It is interesting to note that this equation is similar to and of the 
same form (linear differential equation) as the well-known 
equation for the e. m. f. applied to a circuit containing resistance, 
R, and inductance, L; that is: 

E ~ Ri -p L di/dt (^) 

(2) and (3) are readily solved by separating the variables and 
integrating. As 6 = 0 when t = 0, the constant of integration 
of (2) is determined and the solution found to be: 

0 = T, (1 - e -«*•/«) ( 4 ) 


The solution of (3) is: 

i = E/R (1 - <? E,/L ) W 

The rate of increase of the current of (5) is di/dt, and 

di/dt = E/L (e _Ri/L ) ( 6 ) 

When t = 0 di/dt = E/L which is the initial rate of increase of 
the current. If the current continued to increase at this rate 
the time to attain its final value, E/R, would be; t - E/R 
-4- E/L = L/R. Substituting L/R for t m (5) we find; i - 
632 E/R, that is, 63.2 per cent of the final value. The value of 
L/R the time constant of the electric circuit corresponds to 
M/SE, which may be termed the thermal constant of the mass 
under consideration. Just as the time constant of the electee 
circuit may be changed by altering the value of £ or I? so * n t 
thermal constant, or the time for a mass to reach 63.2 per cent 
of its final temperature, be changed by varying M or oh 
R. S. Hale (by letter): Mr. Lincoln s paper does not take up 
the questions that are of chief interest in modern rate making. 
In deter minin g the proper rate to be made to give a supply 
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been decided for some cases to use the electrical demand, the 
question of which demand, that is, the minute or hour demand 
or the average of several readings, is of the next importance; 
and when this has been decided, the question of an instrument 
to measure it exactly, comes in. 

Mr. Lincoln’s instrument will undoubtedly be very valuable 
when the demand has to be determined, but I feel it necessary 
to bring out the fact that in many cases there is no call for 
determining demand in order to make the best and lowest rates. 

E. J. Blake (by letter): In the discussion of Mr. Lincoln’s 
paper much stress was laid on the commercial necessities of 
rate making, and particularly on the necessity for simplicity of 
rates. It seems to the writer that a matter of fully as great 
‘commercial importance was overlooked, namely, the value of low 
rates per kilowatt-hour. 

It is fair to assume that any added charges for demand, or 
customer expense, would be offset hy a coiresponding decrease 
in the kilowatt-hour rate; and the remarks of several gentlemen 
make it evident that this reduction could be very radical if 
the added charges were sufficient to cover the costs that they 
represent. Possibly something of the order of one cent would 
cover the added cost to the suppty company for each kilowatt- 
hour consumed. A rate of anything like this amount, even 
though accompanied by a comparatively large service charge, 
ought to bring about a very marked increase in power sales and 
in load factors. It would tend 'to prolong the lighting hours 
and to increase the use of power for other purposes. For 
example, it would greatly change the economic status of electric 
refrigerators, and perhaps expand the held of electric cooking 
beyond the chafing dish and percolator to the every-day work 
of the kitchen. 

As regards simplicity, the composite rate is not necessarily 
so impractical as some of the gentlemen would lead us to believe. 
The fact is that many of the rate schedules now in use are in 
reality veiled composite rates, in by no means the simplest 
possible form. For example, a stepped rate of ten, nine and 
eight cents according to the energy used, with a minimum charge 
of one dollar a month, is not easier to figure or to comprehend 
than a service charge of a dollar and a half with an added charge 
for energy at a uniform rate of two cents. In the latter case 
the service charge should include the customer expense and de¬ 
mand expense for the average small user. The addition of a 
demand charge for loads exceeding a fixed minimum would 
make the same schedule applicable to a considerable part of 
the larger users. It would add nothing to the expense of hand¬ 
ling the small customers because the supply company would 
measure the demand only in those cases where the return 
justified the expense. Waiving the right to measure and charge 
for excess demand could hardly create dissatisfaction among 
the small consumers; and collecting the demand charge from 
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the larger consumers ought not to entail extraordinary diffi¬ 
culties when the customer was shown that his total rate per 
kilowatt-hour was less than his neighbor’s rate in which no 
separate demand charge was included. 

In some cases the composite rate would materially simplify 
the work of metering and billing. This would be^true whenever 
the reduced energy charge made it possible to include in one 
schedule two services which had been separately metered and 
charged, such as lighting and small motors supplied from the 
same mains. 

In the normal case it is to the interest of the supply company 
to get all the business that pays and no other business; in other 
words to get all the business that yields a profit over the cost of 
service. If the charges in every case could be accurately pro-- 
portioned to the cost of service there would be no unprofitable 
business; and no business which could profitably be handled 
would be lost because of excessive rates. No one would con¬ 
tend that this ideal condition is attainable, but it does not^by 
any means follow that w T e cannot establish thoroughly practical 
schedules that will approach it much more nearly than the fiat 
energy rate or any of its common modifications. The fiat 
energy rate implies pro-rating customer expense and plant 
expense on the energy consumed. The practical result among, 
small consumers is that energy is loaded with several hundred 
per cent of charges which do not at all represent costs occa¬ 
sioned by the use of energy. ‘ The consumer who uses current 
twenty-four hours a day is penalized with an altogether dis¬ 
proportionate share of the general expense, while the short 
period user gets off with much less than the actual cost of his 
service. 

Alex Dow (.byletter): It may be clear to Mr. Lincoln that 
the determination of the maximum demand of a customer, and 
the determination of the part of the demand costs of the supply 
system which that customer should pay, are two things and 
not one and the same thing. His remarks as to classification, 
indicate that he does recognize their difference, but .the paper 
read as a whole must give a contrary impression to his hearers. 
He is right in his conclusion No. 2, that load, factor must be 
recognized in some manner, but he is wrong in implying that the 
load factor obtained by correlation of the reading of a maximum 
demand indicator such as he has invented, with the reading of a 
watt-hour meter, is the measure of the cost of serving the cus¬ 
tomer, or of the proper price to be charged for the service. Mr. 
Lincoln says that when we come to consider the expense involved 
in obtaining all necessary information for rendering a logical 
bill, it may easily follow that proper classification is the prefer¬ 
able horn of the dilemma. I take it that he consents to a proper 
classification, with, for instance, such classes as industrial power 
and residential service. But I also take him to teach that within 
each such class the maximum demand of each customer, regard- 
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less of when or how it arises, measures the proportion to be paid 
by that customer of the demand costs chargeable to the class. 

Let me say that I not only believe in, but have. used for many 
years, rates in which the load factor is recognized. Ninety-five 
per cent of all the .customers connected to the system which I 
manage are served under rates of either Wright or Hopkinson 
form. Let me say further that I have no prejudice against a 
maximum demand indicator. On the first of September there 
were 10,812 of these costly devices, of the Wright type, in ser¬ 
vice on that system; besides sundry and divers printographs and 
graphometers. All of these things have their place and use. 
None of them can justly distribute demand costs between dif¬ 
ferent classes of customers. Neither can any of them distribute 
demand costs within any class unless that class be entirely com¬ 
posed of individuals having load curves of similar form. 

Consider industrial power as a general class. A factory mak¬ 
ing men’s clothing or overalls develops its maximum load five 
minutes after the whistle blows in the morning; carries it with 
hardly a flicker until noon; drops it for the noon hour to pick it 
up and carry it throughout the afternoon until quitting time; 
and one day will be exactly like another unless dull times cause 
operatives to be laid off, or exceptional orders call for overtime 
work. The load curve of a jobbing machine shop with a foundry 
annex is seldom the same on two successive days. On each day 
on which a melt is made there is a well-marked afternoon peak 
due to the blower supplying air to the cupola. Assume that 
the constant load of the clothing shop and the maximum load of 
the machine shop during the blast are equal to each other. Mr. 
Lincoln’s demand indicator will assess the same demand costs 
against each customer. Now please consider the cost of serving 
these two customers. Beyond shadow of doubt the clothing 
factory requires that the central station install equipment for the 
indicated demand. That is to say the cost of service is,. other 
things being equal, properly measured by the demand indicator. 
But the cost to serve the machine shop may or may not be prop¬ 
erly measured by the demand indicator. If the central station 
is small—for example, if it has only these two power customers— 
it may be compelled to make the same investment for the one 
customer as for the other, but if it is a large central station 
serving many industrial customers, the cost of readiness to 
serve the machine shop will be greater than that corresponding 
to the average day load of the shop, but less than that correspond¬ 
ing to the maximum. The diversity factor of all the erratic 
loads of the metal working industries will result m their being 
served by a station and line capacity very much less than the 
sum of their individual demands. Whereas the capacity re¬ 
quired for any number of clothing factories will be the sum of 

their individual demands. , ^ a 

Consider the relation of these two loads to the system, on the 
assumption that there is a peak due to evemng lighting or to the 
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overlapping of evening lighting with the industrial load. Clothes 
making, textile mills, etc., superpose their requirements squarely 
upon the winter evening lighting peak. Metal working indus- 
tnes, almost without exception, taper off their demands during 
the last hours of the working day. 

. M y study and experience of nearly twenty years in one of the 
industrial centers of the country have forced me to the con¬ 
clusion that no single measurement of customers’ demand will 
serve to properly distribute demand costs within the industrial 
power class. The method which has served best within that 
class is to plot load curves by half-hourly or hourly readings 
throughout a working day, at intervals of two. or three months, 
and to take the average of not less than three readings as the basis 
of load factor calculations for rate making. 

Now. consider the special case of residential service, to which 
Mr. Lincoln devotes several paragraphs in his introduction. 
Lighting does not in every case constitute the bulk of service 
to a residential customer. What I take Mr. Lincoln to mean is 
that lighting fixes the maximum demand for the residential class, 
which is true. But the maximum demand of the individ ual is 
quite likely to be fixed by something other than his evening 
lighting. There are many cottages and small apartments using 
electric light whereof the connected lights require less than 600 
watts—which means that a single 600-watt flatiron will m ak e 
more of a demand than all the lights in the house. There are 
many other apartments, where the connection may exceed 600 
watts, but the ordinary evening use is less. Will Mr. Lincoln 
undertake to collect from the ladies who preside over these 
cottages and miniature apartments, b 11s, rendered according to 
a reading representing the activities of Tuesday morning? If 
so, he is a bolder man than I. And if such, bills were collectable 
would they be equitable? Would the Tuesday; demand, off 
peak, be a proper basis for the allotment of demand-costs against 
that customer? Or, to revert to the experience of Mr. Arthur 
Wright more than twenty years ago, would the extraordinary 
occasion of an entertainment, or of sudden sickness, causing the 
• Ur S ng t. on simultaneously of all the lights and heating appliances 
m the house, be a proper occasion whereon to allocate de man d 
costs against the joyful, or sorrowful, customer in question? Mr. 
Wright made a rule in Brighton that if a customer planned to give 
an entertainment he could, for a nominal fee, have the demand 
indicator switched out of the circuit for that ev enin g I don’t 
think I was ever told how Mr. Wright dealt with the other stated 

?nn a ono n ^ or unus ual lighting. But I, having something like 
160,000 residence customers to deal with, would hate to find 
myself requiring the production of a medical certificate as mv 
protection against punishment for rebating. 

,, ^. e , p 3 aCe ^? r demand indicators is in commercial lighting: 

v °*. stores > warehouses, etc., where each customer 
makes his maximum demand at the same time and where it is 
very important to give the long-hour customer the lower average 
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rate which he earns. In that class of service the load curve of 
one customer differs from the other, not at all as to the time of 
peak, only as to the height of peak and as to the continuance of 
the load or a part of the load into the later hours of the evening. 
As between customers in such a commercial lighting class, the 
demand costs may be properly apportioned by the readings of the 
demand indicators, and load factors comparable with one another 
can be arrived at by the correlation of these readings with the 
watt-hour meter readings Rates for commercial lighting made 
on that basis work well in practise, and have worked well in 
many cities and for many years. So likewise have residential 
service rates recognizing load factor worked well, where the de¬ 
mand charge has been based on something different from meas¬ 
ured demand—even the illogical rateable value method is 'work¬ 
ing very well in England-—but no continuing success has been 
obtained anywhere with residential rates based on measured de¬ 
mand—nor do I think it can be obtained. 

J. G. DeRemer (by letter): In determining the rate of return 
on the investment in a central station property, there is of course, 
among the various elements to be considered, the determination 
of profit. While the profit should be determined as a percentage 
earning on the total investment, it may quite satisfactorily be 
based upon the output of the property, provided a periodical 
adjustment is made to correct for improved load factors. In 
fact, it would seem only fair with such correction eliminated, 
inasmuch, as an improvement in load factor results from efficient 
administration and operation. 

I have used the following method in establishing rates for the 
larger customers of a company operating in the business section 
of a large Western city and found it to give satisfactory results 
to the company as well as to the customer. 

Let N = The maximum demand of the customer. 

Let M ~ The maximum demand of the system. 

Let X = The demand of the customer during the period of 
the system daily maximum demand. (See Fig. 3). 

That is, X and M are coincident as to time. 

The customer’s demand charge does not depend so much upon 
his maximum demand, IV, as it does upon X , the demand taken 
at the time of the system maximum demand. Hence, the cus- 

X 

tomer should pay a demand charge proportional to —. Thus 

X 

the demand charge = X fixed costs per kw^. maximum 

system demand, or plant investment. That is, if the fixed 
charges of the system be considered as consisting of 

Constant operating cost = 0 

Interest = I 

Depreciation =D 

Profit = P 
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then the demand charge of a customer becomes 

X (0 + I + D + P) 
and the whole charge to the customer = 


-4r x(o + i + d + p) + e 


where E is the energy charge, that is, = rate X kw-hr. sold. 
This statement for the whole charge to the customer becomes 



unsatisfactory when X — zero, as, for instance, when applied 
to a customer using no current during the hours of the system’s 
maximurn demand. Hence, there must be a rearrangement of 
the equation, such that a term containing the profit and that 
proportion of depreciation due to operating the system, shall be 
independent of X . 

Thus, if ^ we designate the two portions of depreciation as 
Do, depreciation due to operation, and Df y the depreciation 
due to life, we can express the customer’s charge as follows: 
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This, of course, becomes 


(0 + I + D) + (R + kw-hr. sold), 

the -rate here being sufficient to provide the necessary profit 
on the investment. Let us express this as 

Total charge to customer = (K X K) + (output X R ). 

R is of course, measured in the regular way, with a watthour 
meter. X must be determined by observation or automatic 
recording of the customers demand during the period of maximum 
system demand. The exact time location of the value X is of 
the utmost importance when the customers demand is changing 
rapidly, as is often the case during the hours of maximum demand 
on most systems. I have found that a time interval of fifteen 
minutes in the selection of X, would effect the rate by an amount 
which would result in failure to obtain a large customers business.. 

It is just here that Mr. Lincoln’s thermo logarithmic average 
meter will prove its value. The great. majority of customers 
taking service from a central station will take their maximum 
demand during the same period daily that the maximum de¬ 
mand occurs on the system. In this case X and N for. such a 
customer coincide, and the maximum demand as determined by 
the thermometer will express exactly the quantity desired. 
This fact emphasizes the importance of determining the logarith¬ 
mic in preference to the integrated average, since the determina¬ 
tion of plant capacity required to carry the X demand of the 
customer will be subject to the same logarithmic average. Thus, 
it would appear that Mr. Lincoln has supplied a valuable addi¬ 
tion to the rate problem. . 

The majority of those cases where N and X do not coincide, 
are large users of energy and will consequently justify the instal¬ 
lation of a graphic meter of the present design, or better, a 
graphic attachment to the thermometer, or perhaps the use of 

the printometer. < ' . 1 .« - 

F. A. Sager (by letter): The simplicity of the device described 
in Mr. Lincoln’s paper is self-evident, and the appropriateness 
lies in the fact that the same characteristic is used in actuating 
the device, as imposes the capacity limitation m the power 
company’s system, namely, heating. The overload capacity 
of the generating equipment will usually impose the limiting 
condition, although the transforming and Transmitting system 
could be considered if necessary. The fact that generating 
equipment usually has specified over load capacities for two hour 
periods would indicate that two hours might be adopted as the 
time of response for the proposed meters. While this is l°nger 
than usu all y proposed in contracts for electrical energy m whic 
maximum demand is considered, the adoption of such longer 
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duration of peak load might work out to the advantage of both 
power company and consumer. 

U nder such a plan the portions of rates representing primary 
? a I? e kw-hr. charge would have to be properly determined, 
^ on S er time of response, but with this done the interests 
of the company could be fully protected, and a possible lower 
rate to customers, to whose load characteristics such lower rate 
applied, might lead to a far more general use of the many heating 
and mechanical devices that are now available for use in 
omes. This presumes that the device can be furnished at a 
cost small enough to permit of its general use on residence sys¬ 
tems. there would seem to be no question about its availability 
tor larger power consumers*. J 


E. P. Roberts (by letter): It seems to me that the analogy 
to rental of a house or office is not well chosen. Whether or not 

w U o i-°^ ce 1S ^ se , d < ? oes not affect cost t0 the landlord, unless 
de h aad llgbt are included. In fact, the depreciation on a house 
a_ °e greater when a house is unoccupied than when used. 

■ tact that the number of maximum demand indicators is 

rwl 1“^ P - er c ! nt A the number of watt-hour meters sold, 
S cHnn Xt 6 JUS \ lfy the statement, “ therefore in only this small 
® a t] ? e customers for electric energy is any direct attempt 
made to apply the Hopkmson method of charge-” because first 

cuSomhrsT ^ m ? nd indkat r is USUaU ^ tised for a nSer of 
ondb fZ dn< D y erma nently installed for only one, and sec- 

abilitv of rm H a " y a d f SeS ° f . customers the necessity for or advis- 
££Scsof meT a nd T teT 15 com paratively slight, as the charac- 
accuiacv \Tr ? ■ b f en ascertamed with a sufficient degree of 

hoSe servicY T n r t0 changes in characteristics in 
nouse service due to use of irons, etc., and the noint w W p1l 

lSwm«i er ‘ h ? eSS - the advisability of permanenthrinstalling an 

s«ms h SmaU « questionable 

seems to me to have some resemblance to using emht-Dlace 
logarithms on four- or three-place data. . g & P 

meterTsnld fw be ?'°- e £’ that it: is the great number of small 
demand to watt W Y the ratio of sales of maximum 
bS on r^ r meterS; - f h6reaS the P er cent of energy sold 
much o^eater evS, ^ 2 C ° nside r atl °n to maximum demand is 

be i ? f a satisfacrnrv much !ess than it should be or would 

n a sa i 1 sfactori demand meter were available. 

premises tha^a last anliT ' 7® Concede Mr - Lincoln's 
accounfand tbi, 1 ^ rate mnst * ake laa/I factor into 

demand istgen. v »S5e§ “it sSfh ^ df ”' aa “™6 
that, heseprlmi mtlot ^t^To^l^TS 

there ism ’spellfcchar” bSed ^ th loTmed • merely because 
in fpA •* r charge based on the consumer's demand aq 

deman^fot^Se'^S^r i' 0 ?;' 1 £aCtor '. as “ tha Wright 
or load factor. 5 th expllclt re cogmtion of demand 
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Load factor and demand may have been properly taken into 
account in making a rate, even though the form of the rate 
shows no evidence of it. Mr. Lincoln brings this point out 
when he says that a company is justified in establishing a rate 
based upon a reasonably accurate knowledge of average load 
factor.. That is, a form of rate in which the charge is apparently 
determined only by the quantity of energy consumed is not un¬ 
scientific nor is a rate containing a demand element more sci¬ 
entific than one not containing such an element. 

A ^ better idea of the position of demand in scientific rate 
making can be obtained by considering its relation to other 
important factors. 

A scientific or logical rate is one in which every factor involved 
in determining a proper rate is taken into account in proportion 
to its importance. A vast number of factors are involved. 
To fix ideas we may list a few without regard to order of im¬ 
portance: consumption, demand, diversity factor, power factor, 
voltage, phase, distance from point of production, cost of fuel, 
rate of interest on money. A rate which explicitly made a 
proper charge for each and every factor would apparently be a 
universal rate. An attempt to construct such a rate shows 
that it is impossible; the number of factors now known is so 
great that a rate which included all would be so complex as to 
be incomprehensible. Some important factors are still so vague 
that their definite determination for a basis of specific charge is 
impossible. While a specific charge cannot be made to cover 
each factor the rate will still be logical if each factor is con- 
idered and properly weighed in those charges which are made. 

As the number of charges must be less than the number'of 
factors, at least one of the charges (and usually each of the 
charges) must contain many factors besides the leading one 
which may give it its name. Thus a charge for distance from 
point of production may be merged in an energy charge, as when 
a. water power company establishes a 12-cent rate for current 
distributed directly from the power house and a 15-cent rate for 
current transmitted to distant cities. Diversity factor is com¬ 
monly amalgamated with demand, etc. 

Since the number of charges must be less than the number 
of factors entering rate making problems, and as each charge 
even if scientifically determined, is a composite of several 
fac ors, a scientific basis is desirable for determining the number 
of charges. 

Some have advocated two charges, consumption and demand, 
as necessary and sufficient for the universal rate, others have 
cla’med that a third charge, a customer charge, could not be 
omitted without making the rate unscientific, and that if such 
a “third charge were included the form of rate was ideal. 

To determine the number of charges which should be made in 
a scientifically formed rate, a survey of the past and present rate 
situation would seem to yield the following conclusions: A rate 
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which contemplates building up the bills of very small con¬ 
sumers out of numerous separate charges is absurd and there¬ 
fore unscientific, for science is but a systematic application of 
common sense. On the other hand, experience has shown that 
a rate which consolidates all of the factors entering into the 
bills of very large consumers into a single charge is so inflexible 
that some of the largest and most desirable customers cannot 
be secured. 

The inference is that a scientific system of rates will start 
from a single charge for very small consumers and that the 
number of charges will progressively increase two, three and 
more as the customers grow larger. Thus the same schedule 
may at the lower end of the scale, provide a rate depending on 
one element only, the energy consumed, for the customer who 
pays a dollar a month, while at the upper end the customer 
paying thousands of dollars a month may have five, six 
or more separate charges covering consumption, demand, 
diversity factor, power factor, price of fuel and other elements. 

As the number of charges must be less than he number of 
factors to be considered, it is important to choose the best fac¬ 
tors for erection into a basis of charge and to take them in the 
best order. 

On this point experience seems to have demonstrated be¬ 
yond the need of further discussion that the first factor to be 
chosen as a basis for rate making is the consumption. Con¬ 
sequently consumption is the basis of most of the one-charge 
rates and the principal element in most multiple charge rates. 
Suitable meters are available for measuring consumption and 
the availability of such meters is doubtless one of the important 
reasons why this factor takes precedence over all others as a 
basis for charging. 

The factor which experience seems to point to as a basis for 
the second charge is demand. The inaccuracy of most cheap 
methods of determining demand and the great expense of 
accurate methods has undoubtedly interfered with the use of 
rates involving a demand charge. 

The present paper indicates that a new meter will soon be 
commercially available for measuring the second fundamental 
factor of multiple charge rates. The rate situation should be 
improved in two ways by the introduction of a reliable and 
inexpensive demand meter. First, disputes and discrimina¬ 
tion due to present inaccurate methods of determining demand 
would be eliminated and second, the dividing line between the 
one charge and two charge customers may be lowered to ad¬ 
vantage as there are many comparatively large customers who 
cannot be advantageously put on a two-charge rate merely 
because of a lack of a suitable meter for determ ning demand. 

No improvement in demand meters can, however, be ex¬ 
pected to overcome the extra expense and other disadvantages 
of a multiple charge rate to such an extent that there will not 
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always remain many customers who may logically be supplied 
to better advantage on a single charge rate. 

An indicating demand meter such as proposed should only 
be used where the demand charge constitutes a minor part of 
the bill. The reading of the demand on an indicating scale is 
a much rougher and more inaccurate process than the reading 
of the consumption on a watt-hour meter dial; consequently, if 
energy and demand are the only elements of the rate, it is de¬ 
sirable in order to minimize errors of metering to have the bill 
depend as much as possible on the energy charge and as little 
as possible on the demand charge. As energy and demand are 
but two of the many elements to be considered, the rate maker 
has considerable latitude in distributing items which are func¬ 
tions of neither consumption nor demand into these two 
charges and where other considerations do not govern, he 
should avoid building up those charges which can be measured 
with least accuracy. 

The possibility of measuring kilovolt-amperes as well as 
kilowatt demand which this meter presents, opens new possibil¬ 
ities of increasing the number of charges in the rates of*very large 
customers. While certain rates now in use recognize power 
factor as an element, experience has not progressed far enough 
to indicate clearly what the third* factor should be in multiple 
charge rates. Among the competitors for third place are the 
customer charge, power factor charge, cost of fuel differential 
and others. * Without deciding in advance that power factor 
should be the basis of the third fundamental charge it is safe 
to assume that some form of power factor charge will become 
a fixed feature of the more complicated multiple charge rates 
as soon as a suitable meter has been proved available. 

Aside from its application to rate making, Mr. Lincoln’s 
demand meter suggests some useful applications. If the meter 
can be calibrated to indicate in a reliable manner the law of 
heating of generators, cables, etc., then such meters would be¬ 
come valuable switchboard indicators supplementing or super¬ 
seding ordinary indicating meters or thermometers as a basis 
for getting the maximum output from electrical apparatus while 
simultaneously reducing to a minimum the risk of overloading. 

The meter shown in Fig. 10 of the paper should be of great 
value at the junction point of two power systems, showing at 
a glance on a single dial the relation between the several ele- 
merits of the power supplied and taken. In fact, in such a loca¬ 
tion, where a complicated contract involving numerous separate 
charges is frequently necessary, the power factor feature would 
make the meter especially useful in determining charges For 
this purpose a permanent graphic record would be desirable and 
apparently easily obtainable, although if the meter had a large 
time element, readings of a non-graphic meter marked by hand 
on a duplicate chart would be almost as good and might even 
be better if the time of each reading were noted. 
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H. L. Wallau (by letter): One can readiiy conceive how 
easily the instrument described may be arranged for use with 
both current and potential transformers, thus making it rela¬ 
tively simple to design it for any desired capacity. 

. It may also be seen that it most probably can be used on 
direct-current circuits. If in Fig. 2 of the paper we conceive that 
the resistances a and b are connected in series and their free 
ends to the terminals of a shunt, a current will circulate through 
them proportional to the line current, and in the direction of 
the arrows marked E in that diagram. A connection made 
from the. opposite side of the circuit (from that in which the 
shunt is inserted) to the wire connecting resistances a and b 
in series (top of diagram) would circulate a current proportional 
to the voltage of the circuit in the direction of the arrows marked 
I. Of course, a limiting resistance would have to be installed 
in any such connection to prevent a short circuit. The drop 
across the shunt being very small compared with the circuit 
voltage, the slight difference in the values of the potential 
currents flowing in the tv r o resistances would probably not in¬ 
troduce efrors of a magnitude sufficient to affect commercial 
results. 


This meter being of a continuous integrating type, as against 
the. present instruments which are, generally speaking, of the 
periodic integrating type, has decided advantages. 

The logarithmic average yielded by it should be welcomed 
rather than condemned by. engineers. All will agree, I believe, 
that the indicator registering 90 per cent of the demand in a 
given period of trie is preferable to that registering only 63 
per cent of it in the same time. A compromise in design is, of 
course, possible. 


The practise of the company w T ith "which I am associated is to 
use a one-hour demand. The 90 per cent meter designed for 
a thirty-minute period would register 99 per cent of true demand 
m one hour, and would, therefore, meet its needs. I believe 
that if this meter were standardized it should be rated as a 
meter which would register 99 per cent of the integrated demand 
m a period of time double that required for the 90 per cent. 
Commercially, this w^ould be preferable, since in most contracts 
the time interval of the demand is specified, and a thermal 
meter rated at a period whose duration is one-half that specified 
m the contract w r ould probably result in heated arguments be¬ 
tween company and consumer. 

There are, however, some details which may be troublesome. 
Let us consider such a meter with a loose pointer to indicate 
the maximum travel of the pointer actuated by the meter 
mechanism. Let us suppose we have what has been referred 
to as a 90 per cent meter with a thirty-minute period. Suppose 
the loose pointer registers. 120 kw. while the actuating pointer 
registers .100 kw., and it is desired to reset the meter to zero, 
lo do this, one of the circuits, preferably the potential through 
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the indicator, must first be interrupted, thus rendering inopera¬ 
tive the differential heating feature and allowing the actuating 
pointer to fall back toward zero. Since the cooling and heating 
of the meter follow the same law, during the first thirty-minute 
period the actuating pointer will drop from 100 to 10 kw., and 
in another like period from 10 kw. to 1 kw., which we may 
assume is sufficiently* close to zero for a load of this magnitude. 
The loose pointer can then be brought back to coincide with the 
actuating pointer. However, a meter which takes one hour to 
reset would, generally speaking, be commercially impractical. 
Mr. Lincoln may have some means to hasten the resetting action, 
but if so, he has not outlined them. 

A combination demand meter, which will register both kilo¬ 
watts and kilovolt-amperes, if made to operate accurately, 
should prove of value. 

However, let us suppose such a meter is set up on a customer’s 
premises, and that he makes a demand upon the line of 200 
kv-a. at 60 per cent power factor. The meter will register 120 
kw. of demand with one pointer and 200 kv-a. of demand with 
the other. If now the consumer adds 40 kw. of incandescent 
lighting load, increasing his demand to 160 kw. and bringing 
his power factor up to 71 per cent, the watt pointer will register 
160 kw. and the volt-ampere pointer will move up to 226 kv-a. 
In both of the above instances, the indications of the tw r o loose 
pointers would correctly show the relation between maximum kilo¬ 
watts and maximum kilovolt-amperes. But if, instead of adding 
unity power factor load, the consumer starts up a synchronous 
motor-generator set, mak ng an additional demand of 40 kw. 
at 60 per cent power factor leading, his true demand will increase 
to 160 kw. as before, but his apparent demand will fall to 192 kv-a. 
If I correctly interpret the results from the description the loose 
pointers in the second case would register a d mand of 160 
kw. and the original maximum kv-a. demand of 200. These 
latter indications bear no true relation one to another. It 
would seem, therefore, that with such an instrument a load facto'r 
schedule with fixed charges exclusively based on the use of the 
kv-a. demand would be required, energy charges, of course, 
being made on a kw-hr. basis. With such a schedule the *watt- 
metei pointer might be omitted, leaving only its mechanism, 
which is necessary to allow the volt-ampere pointer to indicate 
apparent energy instead of reactive component. However, 
the combination of the two indications might more readily in¬ 
fluence the consumer to modify his installation so as to operate 
at the highest power factor obtainable, as it would graphically 
point to a method of reducing his bills. 

As previously stated, a demand meter of low cost is very de¬ 
sirable. It does not follow, however, that a load factor schedule 
based on the individual consumer’s demand for residence busi¬ 
ness would be at all satisfactory to the majority of residential 
consumers. The load factor of the average individual residence 
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is very poor; that of the whole community quite fair. The only 
devices which to date have made for an appreciable increase 
in load factor have been the flat iron and the private garage 
charging set. Perhaps 5 to 75 per cent of the residences have 
the former, less than 5 per cent the latter. Refrigeration and 
cooking will have their influences, but while the individual load 
factor of the former may be from 50 per cent to 80 per cent, that 
of the latter, with the types of ranges now in general use, is 
more likely to be from 4 per cent to 10 per cent. Given a large 
number of such installations, the class load factor will materially 
improve, due to the large diversity, and warrant a lower class 
rate, rather than a load factor schedule for the individual. 
As has been referred to by the author, there are three elements 
of cost in rendering any service: customer cost, demand cost, 
energy cost. The order given is the true order of their magni- 
tude & with reference to the residence, consumer. Practical con¬ 
siderations make it imperative to distribute the bulk of these 
costs over the kw-hr. consumption. 

I believe, therefore, that the forms of residence rates now m 
general use are preferable to a load factor schedule based on 
individual consumer’s demands. Too great a refinement is to 
me both unnecessary and inexpedient. . 

There is, however, a wide field for the application of an in¬ 
expensive demand meter to commercial installations. While 
figures may vary in different localities, a well-developed central 
station will have 10 per cent to 15 per cent of its total customers 
on its commercial circuits. With these customers supply com¬ 
panies would gladly install demand indicators, but for the fact 
that cost considerations make it impracticable to install the 
available types on more than about 10 per cent of their number. 

R. A. Lundquist (by letter): Engineers and operators of 
electric utilities wall generally concur with Mr. Lincoln in his 
summing up of the essential factors that go to make up the ideal 
rate. 

For the every-day commercial measurement of maximum 
demand the meter'described by Mr. Lincoln appears to ap¬ 
proach the solution of the problem. 

The theory of his meter seems sound, and to be based upon 
recognized fundamentals. It is likely also that it can be marketed 
at a price that will allow' its wide use. 

In its operation, however, there may be room for question 
as to its general accuracy. It is assumed that the rating of the 
resistances will be such that they will not be operated at a very 
high temperature, and that they w'ill not consume much energy. 
On this hypothesis, then, will the liquids in each cylinder attain 
uniform temperatures in the same period of time, regardless 
of the room temperature? In other words, w : ill the meter 
indications be accurate over a fair range of outside temperature? 

J. D. Mortimer (by letter): The desirability of selling power 
in large blocks under a rate that recognizes the investment 
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charges upon the generating, transmission and distributing plant, 
seems to be generally recognized but is not universally applied. 
Some central station operators have preferred increment energy 
rates on account of their assumed greater simplicity. The sale 
of electric power under demand or load factor rates does not 
seem to have been generally avoided because there was not avail¬ 
able a cheap reliable demand meter. Even with a relatively 
cheap demand meter available, it does not seem at all likely 
that such meters would be used for measuring the demand of 
residence electric service because the returns from such service 
are so low, except where the density of business is very high, as 
to make necessary the saving of all possible investment in 
metering devices, and operating expenses in connection there¬ 
with. Rates for residence service which do not require the use 
of a demand meter have been developed, which work substantial 
justice between different customers of this class. 

This is also true of small commercial customers having a 
connected load of 2 kw. and less. For commercial lighting 
customers and power customers outside of this range there is 
an excellent field for the application of a reliable demand watt¬ 
meter. Such a device will prove superior in general practise 
to a demand ampere meter because it will eliminate the error 
arising from the assumption of a standard voltage and one 
instrument may be used on three-wire or polyphase service. 
For the larger power users various types of recording demand 
meters are now in use and are giving a fair degree of satisfaction. 
They all call for considerable attention and cost a good deal of 
money to install. 

The device described by Mr. Lincoln appears ingenious and 
the explanation of its operation seems complete. Whether it 
will be generally applied depends upon the characteristics it 
develops in practical operation, the price at which it is sold 
and the expense of maintaining it in accurate condition. The 
future utility of the instrument will accordingly be determined 
from experience. 

Central station operators have hoped that the meter manu¬ 
facturers would develop a combined demand and integrating 
wattmeter for application to the loads of moderate-sized com¬ 
mercial lighting and power customers. Mr. Lincoln’s device 
is subject to the general objection accompanying all separate 
demand instruments, namely, that it involves investment in a 
separate device and calls for the expense of maintaining and 
operating it. For certain uses it would seem to be superior to 
any commercial device on the market, and it is hoped that it 
will be made available for the use of central stations at a not 
far distant date. 

Louis R. Lee (by letter): Where a new rate is being made, 
it could be based upon this meter to a very good advantage, 
but inasmuch as present rates are more or less established we 
are forced to consider the meter with reference to its applica- 
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tion to them. As stated in Mr. Lincoln’s article, the average 
load factor for residence lighting is pretty well' known, so that 
in this discussion the application of a heat-storage meter for resi¬ 
dence application has not been considered, as it is not believed 
that the additional information which will be obtained, would 
compensate for the increased cost. 

The power contracts of the Tennessee Power Company and 
allied companies, involve a graduated consumption charge and 
also a demand charge based upon the average maximum 5- 
minute demand. This demand is obtained by the use of graph¬ 
ic wattmeters and is arrived at by averaging the highest 
5-minute demand for each day. It may seem that a great deal 
of unnecessary trouble is involved in obtaining this demand 
but from the following considerations, it seems to be the most 
equitable value that could be used. 

In the first place, the idea of the demand charge is to cover 
fixed charges necessary to handle the demand both at power 
station, in the distributing system and in service transformers. 
In the power station the portion of the total fixed cost which 
any individual customer should be charged with, would be based 
upon his average demand during the peak load on the power 
plant. For the distributing system and service transformers, 
however, the amount which would be chargeable to the individual 
customer would depend upon his maximum demand regardless 
of the time of its occurence. It is evident that the average 
customer’s share of the station peak load would be less than 
this last figure. It is also evident that the maximum demand, 
on which the latter portion of this charge is to be based, is higher 
than the customer’s average maximum demand. Therefore, by 
taking a demand such as we have mentioned above, a figure is 
arrived at which is higher than the demand upon which the central 
station portion of the demand charge is to be based, and at the 
same time, is lower than the demand on which the distributing 
system and transformer portion of the demand charge is to be 
based. In other words, it falls somewhere between these two 
values and, on the whole, comes nearer to taking into account 
both these factors than any other figure for the maximum demand 
which could be used. 

For this reason, therefore, the heat-storage meter is con¬ 
sidered with reference to its application to this condition as it 
does not seem desirable to modify the rate to conform to the 
characteristics of the meter. As stated above, curve-drawing 
watt-hour meters are used at present, the curve sheets being 
removed about every three days and very satisfactory results 
are obtained,'except, that the cost of such meters is rather 
high and considerable attention is required to keep them in 
adjustment. Of the heat-storage meters a 10-minute 90 per 
cent meter would seem to be best adapted for this rate, conse¬ 
quently, it has been considered in the following discussion of 
its adaptability. 
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In arriving at the following values for the heat-storage meter 
readings, a logarithmic curve plotted between time as abscissas 
and per cent as ordinates w r as used. For the 10-minute in¬ 
terval, the values of this curve range from 10 per cent to 100 
per cent. In arriving at the reading of the meter for any 10- 
minute load, the average value of the load, for each minute, 
was multiplied by the corresponding ordinate of the above curve 
and the sum of these products was then divided by the sum of 
all of the ordinates of the curve. In figuring on the 90 per cent 
meter rather than the 63 per cent meter mentioned in Mr. 
Lincoln’s article, it was considered that for the short demand 
period, the indications of the 90 per cent meter would be more 
nearly correct on the whole than those of the 63 per cent meter, 
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even though with very short duration maximum demands, the 
results obtained would be very much higher than the average 
value of the load during this time. 

The comparison of the heat-storage meter with the curve-draw¬ 
ing meter for our rates will depend upon the following points: 

Accuracy . Sketches I, II and III of Fig. 4 show a series of 
10-minute loads for which the readings of the heat-storage 
meter have been computed A comparison of the readings of 
two types of meters for these three 10-minute loads is given in 
the following table: 


Sketch 

Heat-Storage 

Graphic Meter 


Meter Reading 

Reading 

I 

42 kw. 

28 kw. 

II 

66 

52 

#111 

69 

68 
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For these 10-minute loads, it will be noticed that in each case 
the reading of the heat-storage meter is higher than the average 
load, the amount of difference depending roughly upon the re¬ 
lation of the maximum to the average values of the load and 
upon the time of occurrence and duration of the maximum 
value. With a rate of the nature mentioned above, the heat- 
storage meter would work out to the advantage of the central 
station, probably too much so. Sketches IV, V and VI show 
10-minute peaks which have the same average values and the 
same general characteristics, except, that the location of the 
maximum value varies in the three cases. For these cases the 
comparison of the two meters is as follows: 


Sketch 

Heat-Storage 

Graphic Meter 


Meter Reading 

Reading 

IV 

47.6 kw. 

36 kw. 

V 

29.8 

36 

VI 

22.2 

36 


It will be noted that the value of the heat-storage meter read¬ 
ing in each case is computed with the 10-minute interval ending 
at 10 as shown on the curve. It is of interest to note that 
in V, if w r e consider the 10-minute as ending at ( a ), the reading 
of the heat-storage meter would be 44.6 kw. In VI, if the period 
ends at (b), it will be 28.6 kw., or if it ends at 6 it will be 37 kw. 
The maximum values wdiich would be obtained, therefore, for 
the three cases wxruld be 47.6, 44.6 and 37 kw. In these three 
cases we have demands that are practically indentical and would 
cause the same disturbance on the system of the central station. 
Yet with the heat-storage meter, it would be not possible to 
obtain the same values for the maximum demand. In this con¬ 
nection, it might also be mentioned that for two individual 
peaks preceded by different average loads, the indications of 
the heat-storage meter would also be somewhat different. 
Another point of interest in this regard is, that the heat-storage 
meter would penalize comparatively high short peaks, while in 
cases where the peaks were a little above the average load and 
of comparatively long duration, the heat-storage meter would 
give about the same results as the graphic meter. It would seem 
therefore, that for a 10-minute maximum demand meter, the 
heat-storage meter would leave much to be desired. 

Reliability . While there are no actual experience data avail¬ 
able as to the comparative reliability of the two types of instru¬ 
ments, the heat-storage meter would probably" be the more 
reliable and free from changes in adjustment. After it was 
once installed, however, it would not be as easy to secure a rough 
check on it from the accompanying integrating meter, as il 
would be with the graphic meter now in use. 

Cost. Under this heading both the initial cost of the two 
meters and also the operating cost must be considered. With 




1915] 


DISCUSSION AT NEW YORK 


2357 


the type of heat-storage meter in which the reading is given 
by pointer, which is moved up to the maximum position, and 
is left there to be reset, there is no permanent record of the 
demand which can be produced in case any arguments arise as 
to the bill, so to put it on the same basis as the graphic meter 
in this respect, it would be necessary to have a curve drawing 
heat-storage meter. This additional feature could easily be 
worked out but it is doubtful whether there would be any great 
differences between the cost of an ordinary graphic meter and 
a graphic heat-storage meter. Without this feature, however, 
the heat-storage meter would not be comparable with the graphic 
wattmeter, as it is found in practise that the permanent records 
of the latter are of great value where these disagreements arise 
as to the application of the rate. Unless a graphic form of heat- 
storage meter were used a greater amount of attendance would 
be required in order to obtain the readings than is required by 
our present rate. With the graphic wattmeter, the curve runs 
along for about three days before it is taken off, while’with 
the heat-storage meter, the readings would have to be taken 
every day, and the pointer reset, unless a graphic form were 
used, in which case, there would be very little difference in 
the initial and operating costs. Therefore, putting the watt 
meters on the same basis, the heat-storage meter would have 
little advantage in cost. 

Heat-Storage Meter Contract. As to the suggestion that 
present contracts might be altered to permit the use of 
the heat-storage meter, it would be of interest to know just 
how the indications of this meter would be specified in the 
contract. We have found, from experience, that the average 
customer would not consent to a contract merely stating that 
the maximum demand was to be taken as the indications of 
the heat-storage meter without further explanation. Obviously, 
the use of this meter would not be permitted by a provision saying 
that the maximum load over a certain interval would be considered, 
nor that the average load over a certain interval would be taken, 
as the heat-storage meter, strictly speaking, would not give 
readings which would come under either of the provisions, except 
in certain special cases. It would, therefore, be of interest to 
hear suggestions as to just how the use of the meter would be 
specified in a power contract. 

Paul M. Lincoln: Mr. McClellan said that he thought the 
necessity of measuring maximum demand had been consider¬ 
ably exaggerated. I do not agree with that. I think that the 
measurement of maximum demand is absolutely essential, if 
we would have a logical method of applying rates for electric 
service. 

Mr. Lieb also made the same point, and as I understood 
him, said that it was not necessary to discriminate between 
customers of a given class on account of their load factor. I 
do not agree with that, and I believe, on analysis, that that 
position cannot be sustained. 
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John Hopkinson was the first to point out, many years ago, 
that the cost of electric service was dependent on the two fac¬ 
tors, maximum demand, and the energy used; and his analysis 
also shows that even a larger part of the cost depends upon 
the maximum demand than upon the'kw-hr. of consumption. 
Therefore, if you are going to render a logical bill depending 
upon the cost, the greater part of the bill will depend upon the 
maximum demand. 

My friends will probably counter by saying that the proper 
charge for electric service should not be a function of the cost 
of power, so much as of the value of the serv'ce rendered. I 
am not going to discuss the question of the “cost of service ’ 99 
versus the “value of service” theory; it is not necessary, be¬ 
cause the value of service must be always measured in exactly 
the same terms as the cost of service. ~ That comes from the 
consideration that the value of service can never be greater 
than the cost to the customer of supplying his own service, 
and the cost to the customer supplying his own service must 
always be measured in the same terms as the cost of supply¬ 
ing that same service from a central station; therefore, when 
we have so analyzed as to get a rate which is properly depend¬ 
ent upon cost of service, we will also have one which is in exactly 
the same terms as the rate which depends upon the value of 
service. We come down to exactly the same thing, whether 
we use cost of service or value of service. 

By the way, Mr. Lieb and Mr. McClellan and these other 
gentlemen who criticised me upon that point, all of them admit 
by their^ practise that it is perfectly proper and logical to use 
kw-hr. in discriminating between the various customers, of 
the same class. If they admit that, they must also admit 
that it is proper and logical to use a maximum demand meter 
to ^ discriminate between customers, because as Hopkinson 
pointed out twenty-three years ago—and every other analysis 
of power costs has pointed out since—a customer’s bill should 
be dependent even more upon maximum demand than it is 
upon the kw-hr. used; so that if these gentlemen use and admit 
that the use. of kw-hr. meters for discrimination between cus¬ 
tomers is logical and correct, I do not see how they can escape 
the conclusion that the maximum demand meter is necessary 
also. 

Mr. Cheney spoke of the undesirability of using maximum 
demand in connection with residences where the maximum de¬ 
mand for the month may be set by the one entertainment that 
the owner of the residence gives during the month. That 
point is well taken, and for that reason I am of the opinion that 
the maximum demand meter as applied to residence service can¬ 
not successfully work out. There are other modifications of 
a maximum demand rate which I think will apply, and which 
will be further treated in a future paper. 

Simplification of rates has been urged, and I agree entirely 
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that simplification is a highly desirable thing to have. How¬ 
ever, I do not believe that it is desirable or logical to obtain 
simplification in rates at the expense of justness and fairness, 
and if one of those elements must be sacrificed, I think the 
simplification will have to go. 

Mr. Lieb also mentioned the point that it was not necessary 
to discriminate between customers on the basis of load factor, 
but I have already answered that point; I maintain that if Mr. 
Lieb uses kw-hr. meters to discriminate between customers, it 
is also logical for him to use maximum demand as well: I 
simply reiterate that point. 

Mr. Hall gave us a very interesting discussion of the Type 
H meter, and seems to indicate that in designing that meter 
they have been after a straight-line function between time and 
load. I do not believe that the straight-line function is the 
one to go after, as I indicated in my paper. The proper function 
is the natural logarithmic function, since that is the function 
that the apparatus will follow in its own heating, and it is that 
same kind of function which should fix the bill. I believe that 
what in my paper I^call the “logarithmic average” is a more 
just basis for fixing rates than is an average of the usually ac¬ 
cepted type; that is, where each instant over which the average 
is taken has an equal weight. 

Mr. Hall also gave us some information concerning the char¬ 
acteristics of the Type H meter, and stated that it made no 
difference whether a quarter-inch lead was used, or some small 
wire. I would like to ask, and suggest that there would be a 
very decided difference between those two conditions if the out¬ 
side temperature of those leads differs from air temperature. 
Also, a marked difference between lead temperature and. air 
temperature cannot be avoided if the lead runs out of doors into 
a colder atmosphere, or a hotter atmosphere. The size of those 
leads under these conditions will make a very great difference 
in the indication. 

Mr. Hall also asked concerning the ascending and descend¬ 
ing curves of the meters I have described. Those two con¬ 
ditions have exactly the same characteristics, and the character¬ 
istics depend solely upon the fact that a hot body will lose heat 
in proportion to its elevation above the surrounding air. That 
is perfectly true so long as convection only dictates the rate 
of the loss of heat, this in turn is true only when the tem¬ 
peratures are kept below about forty degrees or thereabouts, 
and the surfaces are polished. So long as that is the case, 
radiation hardly enters at all into the escape of heat from the 
body; it is controlled entirely by convection, and the law of the 
loss of heat by convection is a straight-line law. 

Mr. Taylor criticises me for spoiling a good meter description 
with a discussion on rates. Now, I maintain that the crux of 
the rate problem lies in the method of measuring; you cannot 
separate those two; and I also maintain and will continue to 
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maintain that there can be no logical or just method of apply¬ 
ing a rate for electric service until we have some means of getting 
information other than the simple kw-hr. of consumption. 
It is absolutely necessary to recognize load factor if we are to 
have a just rate. That is the main point I have tried to em¬ 
phasize in my discussion of the rate problem, per se. 

Mr. McClellan, in speaking the second time, emphasized the 
fact that it was value of service rather than cost of service that 
should control the rate. As I indicated in my opening, it makes 
no difference whether you take the value of service theory or 
the cost of service theory; they must be measured in the same 
terms; the same quantities must enter into the measurement 
of either the value or the cost. 

Mr. Goodwin has asked how^ this meter is to be used on direct 
current. I did not intend to convey the impression that the 
meter I described was applicable to direct current, but the 
principle is applicable to direct current. Suppose in Fig. 5 we 
have a generator G, and we bring its current through a shunt, 



Fig. 5 


S; across this shutit we place a resistance R. Then, from the 
opposite polarity of the generator, we take a current through 
the resistance R' into the middle point of resistance R. You 
will find if 3 ^ou analyze the direction of current flow that you 
have in these two halves of the resistance R exactly the same 
condition which I have described in Fig. 2 of my paper, and that 
the difference in the rate of heating in the two halves is pro- 
portioned to the watts. However, the scheme is not applicable 
to direct current, because a meter of that kind would take about 
as much power m the meter shunt R' as would be used in the 
load. The only way to make the scheme generally applicable 
to direct current is to use something which is equivalent to a 
d " c * t ^ ns I° rmer , something which is unfortunately not yet 


Mr* Burke mentioned the desirability of a rate which is based 
upon excess above a certain quantity of demand. There is in 
m 3 opinion a great possibility in that particular method of 
measurement, and it is one which will be treated in my future 
p aper. 
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THE COMBINED OPERATION OF STEAM AND 
HYDRAULIC POWER IN THE PENNSYLVANIA WATER 
AND POWER COMPANY SYSTEM 

BY JOHN ABBET WALLS 

Abstract of Paper 

The paper relates the experience of a large hydroelectric 
development on an erratic river, in endeavoring to accom- • 
plish most effective combined steam and hydroelectric opera¬ 
tion, indicating that a river may be developed to an extent many 
times its low water flow where there is extended cooperation 
between customer and power company in determining, by 
experimenting, the economy of further supply of hydroelectric 
power. A plea is made for drawing up power contracts in a 
fashion to encourage effective combined operation of hydro¬ 
electric plant with customer’s existing steam equipment. 

T O SECURE the most effective combined operation of 
steam and hydraulic power is a problem that has engaged 
for the past few years the serious attention of the Pennsylvania 
Water&Power Company. This company has built a hydro electric 
plant at Holtwood, Pa., on the Susquehanna River, only 25 miles 
from its mouth. This station has, at present, a capacity of 83,000 
kw. The river flow fluctuates in erratic fashion, being subject 
to sudden and unseasonable variations from one-eighth of that 
required for full power house output to a maximum flood of 250 
times the low flow. Fig. 1 shows th§ daily discharge of the river 
at the power development over a year period, and indicates the 
lack of dependable regularity in flow. 

Rather than incur investment charges on equipment installed 
in advance of the time of there being load sufficient to justify 
its use, the hydraulic plant was so laid out as to permit of ex¬ 
tensions being added on the unit plan as they were required, 
and the problem has been to determine, from estimated load 
growths and from the hydraulic and power contract conditions, 
the proper division of load between steam plants and hy- 
•draulic station, and the resulting advisability of additions re¬ 
spectively either to hydraulic or steam equipment. By appro- 
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priate conduct of its operation the company has felt itself 
warranted in adding to the hydraulic installation from time to 
time and in utilizing more and more of the possibilities of the 
river, until now the installed capacity is eight times the low-water 
flow. 

Taking up the question of how such full utilization of an er¬ 
ratic river has been brought about it must be noted, first, that 
the power company, though not itself owning any steam equip¬ 
ment, has yet been able to make appropriate arrangements with 
its customers, who possessed steam plants of more or less modern¬ 
ity at the time the contracts for the supply of hydroelectric 



Fig. 1 


power were entered into. The power customers are few in num¬ 
ber and are large electric railway and distributing companies, 
so that the hydraulic company may be considered as practically 
a wholesaler of hydroelectric energy. The various contracts 
for power differ considerably from each other in their essentials; 
hence, there might be said to have been obtained for the power 
company the benefits of a diversity factor from the power 
contracts themselves, as well as from the power loads. 

The experience obtained from comparing the workings of 
these different types of contracts was of benefit when it came 
to provide for the sale of additional hydraulic power to the 
customers, for in the beginning, a natural distrust of the relia- 
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bility of hydraulic power manifested itself in provisions which 
contemplated substantial steam stand-by and steam generation. 

During the period of tuning up a new hydraulic installation, 
which period may be more or less extended, such precautions 
are quite justified. Gradually, however, as the hydroelectric 
service improved, or as the customers gained confidence in the re¬ 
liability of such service, the maintenance of extended steam stand¬ 
by conditions with banked boilers and heavy operating force, 
and generation by steam, became less and less necessary. Without 
going into details, as it is a rather voluminous subject in itself, 
it may be sufficient to say that by continuous experimenting, 



MIDNIGHT NOON MIDNIGHT 

Fig. 2 


test runs, surprise drills, improvements in equipment and methods 
of banking boilers, laying fires, retaining heat, etc., the stand-by 
arrangements were made more effective while at the same time 
the stand-by was decreased in cost. 

All this was preparatory to making it possible for the hydro¬ 
electric company to take up effectively with the customers the 
question of shifting over onto the hydroelectric plant more and 
more of that power load originally left outside of the power con¬ 
tracts. 

Looking at a sample daily load diagram, Fig. 2, representing 
total customers 5 load, there is a limit to the amount of load for 
which the hydroelectric company is justified in installing equip* 
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ment to carry for that particular shape of load curve. This is 
represented by the line marked R. If the hydroelectric com¬ 
pany installs a unit of additional equipment enabling it to carry 
additional load included between the load line R and a greater 
load line S, then the income from carrying by hydraulic power 
such additional kilowatt-hours must be sufficient to cover the 
interest, depreciation, prtffit and operating charges on the ad¬ 
ditional equipment necessary. But the additional kilowatt- 
hours which may be so carried, vary from day to day with minor 
changes in the shape of the load curve. Then, due to seasonal 
effects on diversity factor, the shape of the load curve changes 
materially, progressively increasing and diminishing the possible 



MIDNIGHT NOON MIDNIGHT 


Pig. 3 

kilowatt-hours in the load. An example of modification in shape 
of curve of combined loads of two customers, due to seasonal 
changes only, may be noted by comparing Fig. 2, where in 
January there is a high peak in the afternoon, and Fig. 3, where 
only two months later the maximum load comes in the morning. 
Unanticipated industrial conditions affecting the general growth 
of the load would also have their influences. Again, even if the 
load should be^ actually available in accordance with the number 
of kilowatt-hours estimated, still the river flow necessary to carry 
it may be lacking from time to time, and this must be allowed for. 
Then, too, must be determined the saving in steam costs for the 
block of kilowatt-hours, and as this is represented by deducting 
the cost of generating by steam all energy above line S from the 
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cost of generating by steam all energy above line _R, and making 
due allowance for difference in stand-by costs resulting there¬ 
from, it is necessary to make experimental steam runs to obtain 
these data sufficiently accurately, since we are concerned even 
with small differences in cost. 

All this involves fullest cooperation between customer and 
power company in making the test runs, figuring out the costs, 
and making comparisons, before we arrive at a point where the 
operating data showing most effective combined operation are 
ready to be passed upon by those who are to decide as to whether 
the savings or profits involved are worth making. Of course, 
there are many factors entering into such a determination. For 



MIDNIGHT # NOON MIDNIGHT 

Pig. 4 


example: the steam man must decide if he will thereby carry 
some labor which he cannot employ effectively in maintenance 
work or otherwise, but must have always available, which 
labor, by occasional idleness, may deteriorate; and, for example, 
the hydraulic man must decide to what extent he can depend 
upon using his spare equipment to carry occasional kilowatt- 
hours; hence, it is possible to work out the most effective method 
of combined hydraulic and steam operation only by effective 
combined efforts of both the steam and hydraulic representatives. 

The above is concerned with generation under good river stage 
conditions. With low water new conditions arise. Fig. 4 shows 
a case of steam generation by two stations during low water. 
Steam station X ran at high load factor to get economical steam 
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consumption; steam station F carried its load as a peak during the 
afternoon hours. One would judge the latter form of low load 
factor generation to be inefficient as compared with the run of 
station X . But, as dictating the form of steam load carried, 
other factors may enter, such as the desirability of generating 
during only one shift, loading up to the capacity of only the most 
efficient generating units, assisting on the peak to cut down trans¬ 
mission line losses, exigencies of load dispatching due to equip¬ 
ment out of sendee, etc., and occasionally, contract provisions 
which when enforced prevent most economical combined opera¬ 
tion. 

In the steam stations themselves, the most efficient apparatus— 
usually that apparatus of largest capacity—is put first into opera¬ 
tion and if the river flow continues to decrease, then, as is needed, 
the less and less efficient equipment. To a certain extent this 
same scheme is carried out in connection with the different steam 
plants. Those steam plants where owing to one condition or 
another the kilowatt-hour cost of steam generation is high are 
brought into operation only after that equipment in the other 
stations, which gives lower kilowatt-hour costs, is fully loaded. 

Ultimately these may become mere matters of load dispatching 
but first they must be worked out from the cost standpoint and 
provided for by contract understandings between customers and 
power company. The possibility of making a fair profit from 
steam generation during low water from otherwise idle steam 
equipment serves as an incentive for the steam man to experi¬ 
ment with various methods of steam generation in the endeavor 
to reduce his kilowatt-hour cost of generation sufficiently to 
secure in open competition the maximum possible kilowatt- 
hours of load and the maximum total yearly profit therefrom. 
It is almost impossible at the time of drawing up a power contract 
to fix a hard and fast rate for a large and irregular supply of 
steam-generated power, for if the price of such power is made 
high enough to cover almost any conceivable condition of steam 
generation which might be called for, then that price is too high 
for effective ordinary use, and naturally the supply will be ob¬ 
tained from other sources. It is equally difficult in the face of 
changing costs of coal, and labor, of gradual obsolescence of 
installed steam equipment, of improvements in the art of steam 
generation, and of a lack of knowledge of future conditions of 
power supply and demand, to provide rates and delivery specifi¬ 
cations equitably to apply against future transfer of portions of 
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steam load to the hydroelectric station. Rough figures can be 
estimated, but it is the lack of that exactness fatal to maximum 
efficiency and inherent in such guesses that prevents the getting 
out of the situation all that there is in it both for the customer 
and for the power company. 

Naturally, the contract understandings may play a part in 
determining the hydroelectric plant design. For example; 
when steam is available to carry the tips of the load peaks, the 
additional equipment, as purchased, is designed to carry continu¬ 
ously the full output of the turbines less allowance for governing, 
instead of being given a peak rating. 

In general the loads of the customers at the time of making the 
power contracts had nearly reached the limits of capacity of the 
customers’ steam plants, but additions have been made since, not 
only in hydraulic equipment, but also in steam equipment. It has 
not been found necessary for the hydroelectric company to have 
a steam plant of its own; rather the idea has been to work out a 
use for the steam plants which the customers possessed at the 
time of making the power contracts, and since the very lowest 
flow in the river does not last for a long time, it is possible to figure 
upon using even very inefficient and out-of-date steam equipment 
for these short periods, thus making useful, steam equipment 
which otherwise would possibly long ago have been scrapped. 

Where the load is that of a few large customers having already 
a certain amount of steam equipment, and where it is not practi¬ 
cable to work out a system of combined primary, secondary, and 
surplus power supply of general application to all customers, 
it is believed that by such methods of cooperation between custo¬ 
mers and power company, there will be permitted the develop¬ 
ment, on fluctuating rivers, of large water powers now difficult 
to handle financially. 

Certainly it is felt that in this particular development a still 
further portion of the river flow will be made use of, as the load 
demand grows and provision has been made for additions to the 
present hydraulic installation, awaiting only such load growth for 
the additions to be gone ahead with; and all this has grown out of 
the appreciation by the customers and the power company of 
the advantages of getting together and of each viewing a power 
contract in the light of a business opportunity and not as the 
final word in a power deal. 

We may look at a power contract somewhat in the light of a 
transmission gear of an automobile, linking together the driving 
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element and the driven wheels. There is a tendency so to look 
to the desirable qualities of a strong and firm connection that one 
is apt to prescribe a bolted coupling rather than that sort of a 
transmission gear which will allow some little flexibility to meet 
the changed conditions of running with which one necessarily 
meets in practise. It is true that one does not want slackness 
and that one cannot foresee the change and development which 
may take place in operating conditions, nor allow for them specifi¬ 
cally, but for just this reason it is advisable when drawing up the 
contract to have this in mind and by permitting, encouraging, or 
providing for steps towards more effective combined operation, 
make future benefits therefrom not only possible, but highly 
probable. 
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SUPPLEMENTAL POWER FOR HYDROELECTRIC 
SYSTEMS 


BY J. F. VAUGHAN 


Abstract of Paper 

The first part of the paper outlines the functions of the 
steam plant furnishing relay and supplemental power for the 
system whose normal source of power is water, and illustrates 
graphically and otherwise the relative importance of the various 
functions and characteristics of the supplemental plant.. . it 
further illustrates by diagrams in a hypothetical case the division 
of load between the hydraulic and supplemental sources of power. 

The second part of the paper discusses some general data 
obtained from a number of New England waterpower systems, 
indicating the extent to which the water power is supplemented 
by steam and the methods of utilizing supplemental capacity. 


Functions 

T he CHIEF functions of the steam* plant supplementing 
the water power system are: 

I. Stand-by for breakdown 

II. Relay for low water 

III. Supplemental for carrying peak of load. 

IV. As base load capacity when load dominates the water 
- power and water power becomes supplemental to steam. 

Characteristics 

The characteristics of the supplemental plant types corres¬ 
ponding to the above functions are— 

For functions I, II, and III, low fixed charges and low stand-by 

cost. 

For functions I and III, quick starting. 

For functions II and III, moderate operating costs. 

For function IV, low operating costs. 

Plant Types 

I. Classified by ownership 
1. Power company's 

2. Power customers’______ 

*Or other form of prime mover power plant, 
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II. Classified by origin 

1. Existing plants 

2. Extension of existing plants 

3. New plants. 

III. Classified by equipment 

1. Second hand equipment 

2. Cheap new equipment with simple auxiliaries. 

3. High economy equipment with full auxiliaries. 

Relative Value of Functions 

IVe may represent the relative commercial value of the func¬ 
tions of the supplemental plant in various ways; for instance, 
assuming an entirely new system, whose market is created by 
the water power development and grows gradually through a 
term of years until it exceeds the capacity of the water pcnver 
available. Assuming for discussion a term of 25 years, the re¬ 
lative value of each function for various periods expressed 
m per cent of the total commercial value of a supplemental 
plant may be tabulated as follows: 



1st year 

2nd year 

5th year 

10th year 

25th year 

Breakdown (I) 

100 

75 

50 

10 

0 

Low Water (II) 

0 

25 

50 

15 

0 

Peak Capacity (III) 

0 

0 

0 

25 

0 

Base Load (IV) 

0 

0 

0 

50 

100 

Total 

100 

100 

100 

100 

100 1 


These relations may be visualized graphically by Fig. 1; or, 
tabulating according to functions and characteristics: 


Breakdown 

Low water 

Peak 

Base load 

Quick start 

Low investment 
Reliability 
Economy 

Low investment 
Economy 
Reliability 

Quick start 

Low investment 
Quick start 
Reliability 
Economy 

Reliability 

Economy 

Low investment 
Quick start 


. Il: ls evident that in order to minimize fixed charges, the exist¬ 
ing steam capacity should be utilized as far as possible whether 
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it belongs to the water power company or its customers, and in¬ 
sofar as the supplemental capacity is required for standby, or 
for small annual output—that is to be used to produce kilowatt 
capacity, and not kilowatt-hour output—even inefficient, second¬ 
hand, or otherwise low-grade plant may be well adapted to the 
purpose. 

As the supplemental plant is called on to furnish a larger pro¬ 
portion of the demands of the system—that is, as it operates on 
a higher and higher load factor—the higher class of equipment 
required may not be found so readily available in existing plants. 
While this is particularly true in the smaller power systems, 
larger communities may provide higher class installations, either 



I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

YEARS GROWTH 

Fig. 1—Diagram showing Relative Values of Functions of 
Supplemental Capacity 

in the form of mill equipment or public service plants. In the 
older communities, where large systems have grown up, supplied 
from well-developed steam installations, water power supply 
may be obtained from local small sources, strictly supplemental 
to the steam plant, or may be brought in over transmission lines 
from some outlying water power system. In the latter case, 
the ideal would be obtained by a traffic agreement between the 
two companies by which the water power system could utilize 
to the full the capacity of the steam plant to relay its own 
system during low-water periods, and could furnish the steam 
plant, in return, surplus power to reduce the fuel consumption of 
the steam plant. 
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The following curves Figs. 2, 3, 4 and 5 have been drawn to 
indicate graphically, by a hypothetical case, how the system load 
tvould naturally be divided between the water power and 
supplemental plant. In this case it is assumed that the water 
power plant has sufficient pondage to enable it ultimately to carry 
the daily peaks, leaving the base of the load to be handled by 
the steam plant. 

The curves, while representing the four stages indicated by 


A 


Daily Output in Kw-Hr. 

Normal water 

Water ..... 40,000 

Steam.. 


Low water 
40,000 


Total. 


40,000 40,000 
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NORMAL WATER 


Fig. 2 


functions I, II, III and IV, are not numerically on exactly the 
same basis as the above graphic illustration (Fig. 1). 

Case A. The system load is assumed to be equal to but not 
exceeding the low-water capacity of the water power plant. 

Case B. The load exceeds the low-water capacity and equals 
that of the water power plant. Steam supplement is required 
during low water. 

Case C. The load exceeds at all times the water power plant 
capacity, calling for the daily use of the steam plant to carry 
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part of the load. During normal water, water power takes the 
base, reducing the hours of daily steam operation. During 
low water, when water is insufficient to carry the whole base 
to allow steam to operate on short hours, the capacity is used 
to better advantage by handling the base by steam. 

Case D. The load exceeds the water power capacity at all 


Daily Output in. Kw-Hr. 

Normal water Low water 

Water. 80,000 40,000 

Steam. 40,000 

Total. 80,000 80,000 







123456789 10 II 12 1234567 

A. M. p M - 

LOW WATER 



2 3 4 5 6 7 8 9 10 II 12 I 2 345 6789 10 II 12 

A. M. P. M. 


NORMAL WATER 


times to such an extent that steam dominates the output. The 
water power then, by taking advantage of its pondage, provides 
the peak load capacity and reduces its hours of daily operation. 

New England Practise 

In order to find out what has been the general experience and 
practise of public service corporations utilizing water power in 
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New England, such information was obtained as time would 
permit from a number of the more important companies. The 
information sought included the general plolicy of the companies 
in utilizing the existing capacity in steam plants of their cus¬ 
tomers, also the general principles followed in the sale of power 


C 


Daily Output in Kw-Hr. 

Normal water Low water 


Water. 80,000 40,000 

Steam. 20,000 60,000 

Total. 100,000 100,000 




Fig. 4 


calling for supplement either by the customers for their own pro¬ 
tection, or by the company for its own or its customers* benefit. 

The general power situation in New England consists of three 
classes, somewhat at variance with the above ideal classification. 
They are: 
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1. Markets already existing either wholly supplied from steam 
or with steam dominating, and gradually absorbing transmitted 
power. 


Daily Output in Kw- Hr. 

Normal water Low water 

Water 80,000 40,000 

SteamlllllllllllII1111. 100.000 1*0,000 

Tota l. 180,000 180,000 
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2. New or recently developed water power installations or ex¬ 
tensions seeking new markets and usually more or less supple¬ 
mented by steam. 






2376 VAUGHAN: HYDROELECTRIC SYSTEMS [Oct. 11 

3. Power sources extended either by re-development or by 
interconnection with other powers by means of electric trans¬ 
mission to serve better the territory covered. 

The power customers having steam plants available for auxil¬ 
iary use are of three classes: 

1. Public service railway, light and power companies. 

2. Mills having their own steam plants. 

3. Other water power developments having surplus steam 
plant capacity. 

In addition to the above questions, information was sought 
on the extent to which the various companies have found it 
advisable to relay their water power; the extent to which they 
had been able to obtain the use of their customers’ steam capac¬ 
ity; the principal uses to which the supplemental plants had 
been put; the general location of supplemental capacity; the 
general method of getting and paying for the customers’ sup¬ 
plemental capacity; the methods employed of quick steaming 
and starting; and the organization for, and time necessary to 
start and pick up the load. 

A company operating about 50,000 kw. of water power capac¬ 
ity started out a few years ago with the idea of utilizing through 
contract agreements the steam capacity of its customers, and 
although unusually successful in carrying out this principle, 
nevertheless the company has found it advisable to provide 
its own supplemental plant to the extent of about 15 per cent 
of its hydraulic capacity. In the last few years the proportion 
of its relay power has increased from about 2.5 per cent to about 
20 per cent of the total kilowatt-hours generated, the latter figure 
representing the year 1914, which was a period of unprecedented 
drought. This company’s ponds are sufficient to allow the water 
power plants to carry the bulk of the daily peaks, making it 
necessary as a rule to call on the customers only at such times 
as they can spare the power. 

The contracts with the customers furnishing supplemental 
power in general provide that, on request of the company, the 
customers shall supply power in such quantities and at such times 
as it may be required, provided this does not interfere in any 
way with their regular business. Such power is strictly “ off 
peak” and requires no expense on the part of the customer for 
additional equipment. 

The steam plants, of both customers and company, are used 
primarily for low water supplement and only rarely for break¬ 
down relay. 
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As the customers’ plants are run continuously in their regular 
business they require no special provision for quick starting. 

Another large company with about 5000 kw. in water power 
started out on the assumption that what New England wanted 
was primary power but it has seen fit to reverse its policy and 
now furnishes principally secondary power, depending on its 
customers to supply all the supplemental power required. In 
this way the company relays its water power to about 85 per 
cent of its capacity. These customers are public service com¬ 
panies in general lighting and power business. 

The principal use made of the customers’ steam plants is for 
low water supplement although they are depended on for break¬ 
down relay as well. Two have only enough capacity to handle 
their own loads and operate only when required to help out the 
water power. The third furnishes during low water the supple¬ 
mental power required by the water power company in handling 
its other business. By an agreement with the first two customers 
the company furnishes them power at a price which warrants 
them in shutting down their steam plants, but does not require 
them to provide any additional capacity for the needs of the water 
power company. As the summer peak of the third coincident with 
the low water period is only half their winter requirements they 
can furnish all the relay required by the company also without 
additional equipment. The company. pays the customer a 
kilowatt-hour rate sufficient to give him a reasonable profit, 
but without any additional installation charge. 

The two plants which are shut down when not required for 
relay can be started and pick up their loads in two or three 
hours. The third plant, operating continuously is always ready 
for breakdown relay duty. With the aid of forced draft kept 
for this purpose it can pick up two-thirds the capacity of the water 
power plant in twenty minutes. Similar apparatus now going 
into the other steam plants will enable them to pick up their 

loads in thirty or forty minutes. 

Each steam plant has a permanent organization sufficient 

to start up at any time. # . 

In carrying out plans for a very considerable increase m its 
present water power capacity the company expects to obtain 
from existing steam plants of new customers all additional steam 
relay required. In addition to above the company has a power 
interchange agreement with another hydroelectric system by 
which it takes from that system power up to about one-fifth of 
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the total demand and furnishes it low-water relay in return. 

Of the total annual output of the system a little over 20 per 
cent is furnished by steam including a small amount from the 
interconnected transmission system. 

A third important system including four water power plants 
aggregating 15,000 kw., operates three steam plants relaying the 
system to approximately 37J per cent of its capacity, and in 
addition has an interchange agreement with a customer operating 
both steam and water, from whom it can get up to 2000 kw. in 
prime power. 

The steam plants are used almost entirely for low water relay 
as far as possbile carrying the base load when operating. The 
secondary use of these plants is for breakdown and to relieve the 
waterpower plants of the daily peaks. The relay power is fur¬ 
nished part as lighting and part as railway current. The plants 
were already built when taken over by the waterpower system 
and furnish excellent low investment sources of power near the 
centers of their respective markets. 

In each active steam plant water is kept in one boiler and 
fires ready to kindle kept under enough boilers to enable the 
station to pick up its load. Ordinary disturbances are taken 
care of by duplication of transmission lines, and during bad thun¬ 
der storms low steam pressure is kept up. 

Substation operators form a nucleus of an operating organiza¬ 
tion for the steam plants, to be completed from carmen, linemen 
and trackmen. 

The proportion of the company’s output generated by steam 
is approximately 5 per cent. 

A fourth system relays its water power to about 30 per cent of 
the capacity, of which about one-quarter comes from a customer. 
About one-half of the total annual output is generated by steam. 

A fifth system aggregating 6600 kw. in water power is relayed 
by steam to about one-quarter of this capacity. Owing to power 
obtained from another water power system the amount of steam 
generated by the company’s plant is very small. Of the above 
so-called “ steam ” power about one-quarter is oil driven. None 
of the customers’ plants is depended upon for relay. 

A sixth system developed to 12,000 kw. has a steam reserve, 
including customers’ equipment, of 3500 kw. or nearly 30 per 
cent, about one-third of which is obtained from customers 
plants. The reserve is confined entirely to breakdown and low 
water relay. 
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One of the company’s steam plants is at the waterpower plant 
and the other at a substation, originally an independent plant. 
The chief customer’s plant is at the delivery end of a transmission 
line. 

Customers’ relay power is obtained on demand and paid for 
at a fixed .rate per indicated h.p-hr. or per metered kw-hr. 
No special organization is maintained for handling the supple¬ 
mental capacity. Starting time is given as two hours. 

A seventh system, with 9000 kw. of water power and relayed 
to a small extent only, has contracted with another public service 
company operating a steam capacity of 16,000 kw. and a small 
water power auxiliary to take relay power during low water up 
to 4000 kw. and to furnish it in return secondary power when and 
in such quantities as it can be spared, the kilowatt-hour rates 
to be paid based on an interchange of power mutually beneficial, 
rather than for distinct profit to either. In this case the steam 
capacity is supplemental during low water and a breakdown 
relay at all times. The water plant is at one end of a duplicate 
transmission line and the steam plant at the other, while the load 
is distributed at several points along the line. 

An eighth system, one formerly depending chiefly on water 
power, has grown so in recent years that today water is of minor 
importance. Ten years ago the steam output amounted to only 
3,000,000 kw-hr. while the water power plant furnished 11,000-, 
000 kw-hr. per year. At that time the principal use of steam was 
for low-water relay, next, to carry the peak, and lastly, as break¬ 
down capacity. Today the steam capacity is 16,000 kw. and the 
water power only 2400 kw., the relative kilowatt-hour outputs 
of steam and water being in the ratio of 4:1. Under the inter¬ 
change power agreement with the seventh water pow r er system 
previously spoken of, the steam output will be replaced to a 
large extent by additional water and in exchange will be held as 
reserve to supplement the water power during low-water periods. 

A ninth system, operating three water power plants aggregat¬ 
ing 5300 kw., is supplemented by steam to the extent of 900 
kw., or about one sixth. The proportion of the company’s 
output generated by steam is about 5.5 per cent. In addition 
the company purchases 2500 kw. of power from a customer 
operating waterpower, who takes from another hydroelectric 
system which in turn depends largelyton its customers for steam 
relay. 
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Other systems, ranging in water power capacity from 10,000 
kw. to 1150 kw., are relayed in extent ranging from one-half 
to one-quarter of their respective capacities. 

The principal uses for their steam is for low-water and break¬ 
down, and to a less extent to help on peak load. None depends 
on its customers for .steam power. Some keep banked fires, 
allowing them to start in from 15 to 30 minutes, and part require 
two hours or more to organize crews to start from cold boilers. 
One has a gas producer plant which has not yet been called into 
service, another an oil engine installation, and another is con¬ 
sidering oil firing for its boilers. 

Most of them keep skeleton crews ready among their hy¬ 
draulic plants and substations to be completed on call from other 
departments. 

With few exceptions, plants, either taken over in consolidation 
of properties, or rebuilt or extended, utilize existing installations 
or second hand apparatus, keeping down their idle investment, 
and those few exceptions are largely continuously-operating 
high-class plants belonging to customers or built for the purpose 
of high grade relay of relatively high annual output.* 


TABLE SHOWING THE EXTENT OF SUPPLEMENTAL PLANT CAPACITY AND 
OUTPUT IN PER CENT OF WATER POWER CAPACITY 



Water power kw. 
capacity 

Per cent steam 
capacity 

Per cent steam 
output 

1 

50,000 

15 

2.5 to 20 

2 

5,000 

85 

20 

3 

15,000 

40 

5 

4 

12,000 

30 

50 

5 

6,500 

25 

very small 

6 

12,000 

30 

-- 

7 

9,000 

50 (?) 

— 

8 

2,400 

— 

20 (formerly) 

9 

11,400* 

(16,000 kw.) 

(present) 

10 

5,300 

17 

55 


♦Including customer’s plant. 


The general conclusions that may be drawn from the somewhat 
limited data at hand are: 

1. That steam relay is depended on in widely varying propor¬ 
tions of water power capacity, depending partly on the character 
and regulation of the streams, partly on the character of power 
demanded and more and mSre on the extent to which the systems 
are interconnected with others for the interchange of power. 
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2. That, on the whole, the companies have been successful 
in utilizing the existing steam capacity of their customers. 

3. That the principal uses to which supplemental capacity 
has been put are: 

(1) Relay for low-water 

(2) Breakdown 

(3) Peak capacity 

(4) Base load 

4. That the supplemental plants, being largely old plants 
belonging to companies formerly supplying their own indi¬ 
vidual markets, since consolidated into more or less comprehensive 
systems, are generally scattered among local centers of dis¬ 
tribution. 

5. That only in rare cases have provisions been made in special 
equipment or organization for quick starting, and that for this 
reason quick starts are rarely made. In certain cases, however, 
where such relay is of importance, oil firing is being introduced, 
and in rarer cases gas and oil engines. 
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Discussion on “The Combined Operation of Steam and 
Hydraulic Power in the Pennsylvania Water and 
Power Company System*’ (Walls), and “Supplemental 
Po'wer for Hydroelectric Systems” (Vaughan), Phil¬ 
adelphia, Pa., October 11, 1915. 

A. S. Loizeaux: The Consolidated Gas, Electric Light 
and Power Company of Baltimore began taking power from 
the Pennsylvania Water and Power Company on October 
1st, 1910, the contract calling for delivery of not less than 70 
million kw-hr. during the first year, with the demand of 13,333 
kw. That figure is obtained by taking two-thirds of the peak 
load on the station, which was 20 thousand at that time. The 
contract provided for an increase of energy in following year 
but not to exceed 105 million kw-hr. per year. A demon- 


140 1 

I 

£120 
u a 
a. 

5100 
Q_ 

o 80 

1 60 

2 40 
g 

I 20 


■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

m 

■ 

■ 

■ 

■ 

Wi 


■ 

■ 

■ 

■ 

■ 


■ 

■ 

■ 

■ 

■ 



_ 

— 

■ 


_ 

_ 

5 

— 

■ 

— 

z 


Wk 

n 

■ 

_ 

_ 

_ 

_ 

_ 

— 

_ 

_ 

— 

_ 

— 

__ 

n 

■ 

Hi 

Hi 

— 

— 

_ 

_ 

— 

_ 

— 


— 

■ 

Wk 

WM 1 


_ 

_ 

— 

_ 

_ 

— 

— 

_ 

— 

— 



4— 

_ 

_ 

_ 


— 

— 

— 

— 

— 

— 

7 



— 

— 

— 

— 















z 


= 

— 

— 

— 

5 

— 

— 

— 

5 

— 

— 

— 


1901 1903 1905 


1907 1909 

YEARS 


Fig. 1 —Increase in Output for Years 1901-1915 
Total Generated and Purchased 


stration of the effect which Mr. Walls notes, that the develop¬ 
ment of water power exceeded the original contract provisions 5 
is found in the fact that the consumption of the gas and electric 
company for 1915 will be about 165 million kw-hr., a quantity 
57 per cent greater than the maximum originally provided for. 

The growth of the company’s load has been very rapid since 
water power was available. Fig. 1 indicates that at that time 
a very rapid upward tendency was taken by the curve, which 
has continued ever since, so that in the five years since we 
began taking water power we have over two and one half times 
as great an output as the total output at that time. In other 
words, the company’s load to-da}^ is 250 per cent of what it 
was in 1910. 

It will be seen that from the year 1910, when water power 
was first purchased, the growth has been much more rapid 
than before that date. This is accounted for by the fact that 
when large blocks of energy are available for sale without ad- 
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ditional capital outlay it is possible for the industrial power 
sales department to go after and procure such customers, 
who would not be procured if an addition to the generating 
station was first necessary. 

Mr. Walls gives a clear statement of the great advantages 
to be secured by cooperative measures, on the part of a water 
power plant and its customers operating steam plants. This 
cooperation is vital to the success of the hydro plant m ^ iea J 1 y 
all cases. The hydroelectric development is rare indeed that 
does not have to use steam auxiliaries for its maximum econo¬ 
mical development. . , 

It is sometimes difficult to justify the initial purchase.ot 
water power at usual rates by a system fully equipped with 
steam apparatus to carry its peak load; because fixed charges 
cannot be decreased, and operating costs only partly avoide 
by the use of water power. This condition changes, how¬ 
ever, as soon as increased load is obtained, when the use o 
water power makes it unnecessary to invest capital m addi¬ 
tional steam equipment. It has been the experience m several 
cities that when hydro power has been available contracts 
for large blocks of power have been closed, and the selling ot 
energy greatly stimulated, thus creating a market for the 
available energy without increasing the capital investment 

of the central station. ^ - - 

Standby Operation. As Mr. Walls has stated, stand-by 
operation is more necessary in the early days of a hydro plant 
than after conditions become settled. In Baltimore we kept 
a turbine running in the early stages of the use of water power; 
but for several years it has been found unnecessary to keep 
anv generators on the bus for this purpose. A limited number 
of "boilers are kept banked to carry the more important a-c. 
service in the event of interruption to water power. 

When an electric storm occurs generators are started and 
carry load until all danger of interruption is over. The d-c. 
distribution system is protected by storage battery. 

Several years ago oil burning equipment was installed to 
be used for emergency operation. It was found, however, 
to have drawbacks in operating, as well as cost, and the same 
or better results in quick steam generation have been obtained 
by the use of mechanical stokers and forced draft. , 

Operating Conditions at High and Low Water Stages. It is 
interesting to note the reversal of operating conditions m periods 
of plentiful water compared with low water periods. 

When water is plentiful the hydro plant , takes all available 
load up to its capacity in generating units. Mr. Vaughan 
mentioned this as existing in different plants. As I have 
said when water is plentiful the hydro plant will take all 
available load up to its capacity in generating units pro¬ 
vided the load is available. This is shown m Fig. 2 of Mr. 
Walls’s paper. If there are peaks in the total load which are 



2384 


HYDROELECTRIC SYSTEMS 


[Oct. 11 


higher than the generating capacity of the hydro plant, these 
peaks are taken by steam units which thus supply the neces¬ 
sary capacity with a small consumption of fuel, due to the 
short hour operation. Such peaks are shown above line “R” 
in Fig. 2 of Mr. Walls’s paper. 

When water is low a reversed condition is obtained. The 
steam plants then operate 24 hr. per day at a high load factor, 
generating as much energy as is represented by the deficiency 
of water power at the time, as shown in Mr. Walls’s paper 
under the steam load line. The hydro plant carries the peaks, 
being able to store water 24 hours or more and deliver its 
energy at such times as is called for by the load curve, over 
the horizontal line representing steam generator capacity in 
service. This gives an ideal steam operating condition, and 
a low cost for energy generated, while the water available 
is used with maximum effect. 

Character of Contracts. In contracts to provide for maximum 
cooperation between hydroelectric systems and purchasers, 
it will usually be desirable, instead of using a rate for energy 
and then charging for demand, which is the usual system, to 
fix two rates for energy: 

1. A prima^ rate based on the value of energy taken which 
can ordinarily be counted upon with regularity; and, (2), a 
secondary rate for energy which cannot be guaranteed but 
which is available except at times of low water flow. 

It will be seen by analyzing conditions that when a hydro 
station has machine capacity much larger than the minimum 
river flow the hydro power is more valuable to the steam com¬ 
pany than an increase in their steam equipment which could 
generate the same amount of energy during the 24 hours, 
or even with the prevailing load factor of the total load. The 
reason for this additional value is that in times of low water, 
when the minimum guaranteed power only is available, the 
steam plant can call for this energy on the peak. This energy 
would therefore be delivered at a very low load factor repre¬ 
senting several times the capacity of equipment that would 
be required to generate this amount of energy at the usual 
load factor. For instance, 10,000 kw. water power for 24 hours 
per day is equivalent to 240,000 kw-hr. daily. ' If a 10,000- 
kw. steam turbine were installed it could generate this amount 
of energy but would be good for only 10,000 kw. on peak load. 
The water power plant, however, if it had, as is usually the 
case, more generating capacity than the minimum flow ca¬ 
pacity, would be able to deliver 240,000 kw-hr. on peaks at 
40 per cent or even 20 per cent load factor, equivalent respec¬ 
tively to 25,000 or 50,000 kw. capacity. It is evident that the 
energy delivered in this manner has a much higher value than 
the energy available from a 10,000-kw. unit, because it makes 
unnecessary the installation of 25,000 or 50,000 kw. in steam 
capacity. 
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This secondary rate should be based on the cost of fuel and 
operation in the steam plants. The operation including labor, 
superintendence, water, lubricants, station supplies, expense 
and maintenance on steam and electric equipment and build¬ 
ings. It should not include fixed charges on investment. 
This is virtually the equivalent of the steam generating cost 
under whatever conditions may obtain. It will readily be 
seen that the demand charge under the plant conditions de¬ 
scribed would prohibit the method of operation described 
for low water periods, as illustrated by Fig. 4 of Mr. Walls’s 
paper. The basic idea in the establishment of a secondary 
rate is that it is better to use water when it is available than 
to purchase coal and allow the water to waste. The profit 
resulting from such operation should, of course, be equitably 
divided between the producer and consumer. 

Emergency Operation . The contract should be such that all 
possible help in time of emergency should be given to the 
party in trouble. It would be shortsighted to withhold any 
help within the power of either company during emergency 
because steam plants, as well as hydro plants, are subject to 
occasional collapses due to unforeseen and abnormal conditions. 
A break in a steam header or burn-out in main duct line will 
cripple a steam plant temporarily, while needle ice may shut 
down the hydro plant. In any such event all resources that 
can be commanded should be utilized to supply existing load. 

Energy supplied during emergency conditions should be 
billed at the reasonable cost of meeting these conditions, which 
it may be impossible to specify in the contract except in these 
terms. The most frequent use of extraordinary power in 
the system under consideration has been energy generated 
at times of storms. This energy in most cases has not been 
actually necessary but was generated in order to have prime 
movers actually on the line in the event of trouble. The 
excess cost of such operation over the price paid for energy 
should be borne by the hydro plant. 

It will be noted that the methods of cooperation recommended 
are practical means of carrying out conservation of water 
power, and therefore of coal. The electrical industry is com¬ 
mitted to the principle of the conservation of our national re¬ 
sources. Leaders in the industry are cooperating with others in 
having the government make reasonable regulations encourag¬ 
ing instead of discouraging water power development, and it 
is a cause of much satisfaction to the engineer to be able to 
actually conserve either by the development of water power 
or by using hydroelectric power, when its use is attended with 
operating economies and benefits to his company. 

It will be seen from these remarks that water power for 
at least a part of the systems’ total load has real advantages 
to the steam central stations in reducing, first, peak loads; 
second, serving as reserve for emergency conditions; and, 
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third, what is more important, showing a profit in operation 
which increases as the load increases. This saving is largely 
in the nature of the limiting of capital invested. 

The steam relay and the variable amount, in per cent, 
of the steam-relayed power, naturally depends upon the 
character of the load. No company could afford to take 
any chances with general power and lighting; they have 
to provide relay. When it comes to other classes, in Balti¬ 
more, for instance, there is a copper smelting company that 
refines copper electrically, with a load of over 6000 kw. con¬ 
tinuous, and if their power is shut off it simply means 
that the power is not sold and some labor lost, but not a large 
labor loss in comparison with the value of the energy. Now, 
it would not pay to provide separate relay equipment for 
carrying that particular load. The electric load may or 
may not be of such a character as would pay for relay power. 
So that the nature of the load, whether it involves large 
amounts of labor or the convenience of the public, will deter¬ 
mine how much relay power must be carried in each case. 

Mr. Birkkinhine: I think the papers brought out by Mr. 
Walls and Mr. Vaughan gave a very clear idea of the eco¬ 
nomical limiting of water power development, which is a thing 
of prime importance - in any project. 

The Pennsylvania Power Company was not only selling 
power to whoever would buy, it was selling power to a man 
who wanted it and making that sale a return to the company 
buying up the load. I think the last unit installed was the 
third largest one since the plant was first in normal opera¬ 
tion, and provision is still there for another. The practise is 
generally followed now, apparently, of leaving uncompleted, 
space so that the structure can be continued and units put 
in when warranted. 

In Mr. Vaughan’s paper there was mentioned the supple¬ 
mental capacity required for standby or for small annual out¬ 
put that is to be used to produce kw. capacity and not kw- 
hr. output. I want to ask Mr. Vaughan how he determined 
the value of steam as a base load, and in favor of water power 
as peak load, and so to get his answer I will take the opposite 
viewpoint. If on Fig. 3, beginning at 6 a.m. and running to 
8 p.m., the steam plant carries 3000 kw. right straight across, 
there is a total of 42,000 kw-hr. by steam, which is spread over 
practically the same number of hours as in the curve originally 
shown, but it is uniformly low; in other words, on the steam 
plant for 14 hours, and the fluctuating loads and the peaks 
are carried on the water power. That is further brought 
out in Fig. 4, on the next page, by looking at the curve for the 
low water. There is a steam usage of about 2300 kw. and of 
course the peak on the water power is then between that and 
nine thousand. 

Now applying a similar case, on the normal load curve, 
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the steam plant runs from about 3:45 until 8:15 on a load that 
builds up and then runs down again. If that had been a 
2600-kw. steam output from one o’clock to nine o’clock 
there would also have been a 100 per cent load factor. These, 
of course, as Mr. Vaughan has said, are purely imaginary curves. 
Both papers bring out very clearly the _ special conditions 
that come into the enterprise, that is, instead of building 
a. new plant, making the best use of plants that exist, and 
as Mr. Vaughan’s paper says, in some cases practically obso¬ 
lete machinery is found to be economically usable and can save 
money. 

J. F. Vau ghan : Mr. Loizeaux mentioned _ oil firing. Ihe 
company spoken of in the first paper as using oil firing in stand¬ 
by work has had sufficiently satisfactory. results to warrant 
their equipping a second plant with oil firing. In connection 
with the subject of quick firing, the method used by the Union 
Lio-ht and Power Company of St. Louis, who^ take the bulk 
of their power from Keokuk (the Mississippi River Power 
Company) is interesting. Before Mississippi river power was 
delivered a member of the St. Louis company expressed his 
doubt as to the reliability of transmitted power and the 
fear that they would have to maintain heavy stand-by expense 
to properly relay it. Since power has been delivered, however, 
he has expressed his gratification and confidence in it, and 
has become enthusiastic over a method of quick starting^ which 
he has developed. This method is keeping the water in cer¬ 
tain of the boilers at about 212 deg. fahr., by a small heating boiler 
placed in the basement of the power house underneath the 
main boilers, and laying on the main grates a fire of care¬ 
fully selected coal, interlaced with kindling and oily rags, 
all ready to light in emergency. He states that by this method 
he can pick up 15 thousand kw. of load in fifteen minutes.. 

As to water power taking the base or peak of the load, this 
depends, as both Mr. Loizeaux and Mr. Birkhinhine have 
pointed out, very largely on the shape of the load curve and 
on the character of the water power. It depends further on 
the investment in the supplemental plant and the fixed charges 
in such plant that must be charged against the water power. 

In a n um ber of the cases cited in New England the fixed 
charges on the steam plants are not chargeable to the water 
power, because they are on plants already existing whose 
charges are already carried in other ways. An interesting 
case of the cooperation between a water power plant and a 
steam plant in which existing steam investment in both water 
and steam plants is used to best advantage, is mentioned m 
the second paper as the 7th and 8th systems.- The 7th system 
having 9000 kw. of water power, controlling a sufficient 
pondage to enable them to concentrate their output during 
low water within a portion of the day, in this way carries the 
peak of the load of the 8th system, which is connected to it 
on the other end of a transmission line. 
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The shortening of the hours of operation during low water 
enables such a water power plant to save labor by cutting out 
a shift of operatives. The arrangement between these two 
connected systems allows the steam plant to take advantage 
of the full pondage and storage capacity of the water power 
plant, and enables the water power plant to run at a very 
high load factor when there is plenty of water, saving coal on 
the steam-operated system. 

Mr. Birkhinhine spoke of a steam plant operating to carry 
the base of the load. It is evident where the fixed charges of 
an existing steam plant do not come on the water power that 
the steam plant can be used to good advantage to carry either 
the peak of the water power load or a part of the hours of the 
daily duty of the water power, enabling the water power plant 
to save a shift. 

In closing I wish to say that the papers and discussion have 
brought out clearly that the operation of steam plants as 
auxiliary to water power plants is more than a purely technical 
subject; it is possibly as much a problem for the contract agent 
as for the designing engineer. Nor can it receive too much at¬ 
tention from the operating management in organizing the op¬ 
erating force and in training the men in the emergency use of 
their auxiliary or supplementary capacity. 

In recent years, as transmitted water power has become 
more reliable, the natural distrust of such service has diminished. 
Today it is the duty of the operating company to establish 
confidence, complete confidence by simplicity in contracts and 
agreements and straightforward, fair dealing. 

We have produced reliability in the generation and de¬ 
livery of power; now we want the same reliability in the de¬ 
veloping and holding of our markets. 
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CONSTRUCTION ELEMENTS OF THE TALLULAH FALLS 
DEVELOPMENT 

BY CHARLES G. ADSIT 
Assisted by W. P. Hammond 

Abstract of Paper 

The paper gives a very complete description of the Tallulah 
Falls hydroelectric development, which is of interest as being 
one of the highest head water power plants in the world. It 
was designed to supply electric power to the greater part of the 
State of Georgia. The paper includes complete unit costs of the 
various items of construction. 

T HE CONSTRUCTION of the Tallulah Falls hydroelectric 
development has some particular interest attached to 
it as being the highest head hydroelectric plant east of the 
Mississippi River, and one of the highest in the world using water 
power turbines. This development is situated on the eastern 
slope of the Blue Ridge mountains in Rabun and Habersham 
Counties in North Georgia and was placed in operation during 
September, 1913, having been under construction at that time 
for a period of 2§ years. The head under which the plant 
operates is 606 ft., which is obtained by the natural fall of the 
Tallulah river and the 110-ft. dam. The entire development 
is in the Tallulah River basin, this river being a tributary to 
the Savannah and rising in the Blue Ridge mountains of North 
Georgia. The drainage area above the Tallulah diversion dam 
is 190 square miles, all of which is very heavily timbered and 
from which an apparently abnormal annual run-off occurs. 
The rainfall on this water shed ranges from 65 to 80 inches per 
annum, which with the storage reservoir and the present in¬ 
stallation allows the development to use an average of two 
ft. per second per square mile run-off throughout the year. 
The river is subject to frequent floods during the spring season 
from 5000 to 8000 second-feet, the maximum ever recorded 
being 15,000 second-feet in March 1912. 

The purpose of the development is to supply the greater 
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portion of the state of Georgia with power, with Atlanta and 
vicinity as the principal market. 

A general description of the development involves a des¬ 
cription of a number of construction details. 

_ or der to carry out the development, it was deemed ad¬ 
visable to install a small power plant at one of the falls in the 
Tallulah river in order to furnish compressed air and electrical 
energy for lighting and power purposes during construction. 
This small plant included the installation of two water-driven 
air compressors of 2500 cu. ft. capacity for compressing the 
air to 110 lb. per sq. in., and two 50-kw., 2300-volt, three-phase, 
60-cycle generators, also water-driven. In addition to this 
equipment it was later found necessary to install an 1825-cu. 
ft. compressor driven by steam and located at the lower end 
of the works farthest from the water driven plant. The air 
was then used for all power purposes except lighting, at the 
mam dam, tunnel, forebay, penstocks and power house. This 
small plant operated under a 40-ft. head and was entirely re¬ 
moved after the construction work was completed. 

To assist in the construction it was necessary to build three 
spur tracks from the main line of the railroad serving this sec¬ 
tion, the one in connection with the Mathis dam being 1| 
miles in length, the one at the intake dam J mile in length 

and the one to the forebay above the power hou.se about one 
mile. 

The development consists essentially of an artificial reser¬ 
voir of a capacity of 1,400,000,000 cu. ft. formed by two rein¬ 
forced concrete buttress dams located near Mathis, Ga., seven 
miles above the diverting dam and intake at Tall ulah Falls; 
an artificial reservoir at Tallulah Falls having an available 
pondage of 63,000,000 cu. ft. formed by a Cyclopean masonry 
dam of the gravity type located some 60 ft. below the t unn el 
intake; a tunnel with a cross sectional area of 151 sq. ft. 6666 
ft. long leading from the intake at the Tallulah reservoir to 
the surge or pressure tank at the top of the gorge imm ediately 
above the power house; five steel penstocks 5 ft. in diameter, 
each of which serves a 17,000-h.p. Francis type water turbine 
m the power house. Five three-phase, 60-cycle, 6600-volt 
vertical generators are direct-connected to these waterwheels. 

The electrical energy from these machines is stepped up 
from 6600 volts to 110,000 volts for transmission by five banks 

of three 3333-kw. single-phase static transformers of the water- 
cooled type. 
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The power house consists of a main generating building and 
a transformer and switch building, both buildings being of con¬ 
crete substructure and steel and brick superstructure. 

The power is transmitted from this plant over two trunk 
lines, one leading to Atlanta, a distance of 87.2 miles, and the 
other to Greenville, S. C., 60 miles. The Atlanta line is carried 
on steel towers and consists of two three-phase circuits of 4/0 
copper conductors on suspension type insulators, with a 7/16- 
in. steel strand ground wire, above each circuit, the four wires 
being arranged in a vertical plane with 9-ft. centers between 
the power conductors. On the Atlanta end of this line is 
located a large outdoor type substation of 60,000-kw. capacity, 
from which both high- and low-tension distribution is made. 
There is also connected to this main trunk line at Gainesville, 
Ga., a station half-way between Tallulah and Atlanta, a 1500- 
kw. outdoor type substation for distributing low-tension power 
to the city of Gainesville and adjacent territory. Prom the 
Atlanta substation, a 110,000-volt line extends to Newnan, 
Ga., a small town 42.1 miles southwest of Atlanta, and to 
Lindale, Ga., 69.2 miles northwest, where connection is made 
with the high-tension system of the Tennessee Power Company. 

Both of these lines are strung on steel towers provided for 
double circuits, but at present only one circuit has been installed 
on each line. The conductors are 2/0 copper, and the ground 
wire f-in. steel strand, the arrangement being essentially the 
same as on the Tallulah-Atlanta line. The capacity of the 
Newnan station is 3000 kw., and of the Lindale 6000 kw. There 
has already been constructed along the Atlanta-Lindale line, 
two outdoor type substations, one at Marietta, Ga., 16.8 miles 
from Atlanta, of 3000-kw. capacity, and one at Cartersville, 
Ga., 23.3 miles beyond Marietta, of the same capacity, while 
provisions have been made in the way of steel switching frames 
at a number of other points along both of these lines for similar 
installations, and for doubling the capacity of those stations 
already in operation when the demand justifies doing so. A 
number of low-tension lines also emanate from the Boulevard' 
station at Atlanta for supplying power to the various mills 
and other stations located in that vicinity. 

In order to treat of the development from a construction 
standpoint, it will be necessary of course to take up the above 
elements individually and give a closer description under the 
separate headings. 
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Mathis Dams 

The construction of the Mathis dams was for the purpose of 
impounding sufficient water to carry the Tallulah Falls station 
through the dry months of the year, usually September, October 
and a part of November. These dams form a pond or lake 
some 10 miles long with 26 miles of shore line and of a capacity 
of 1,400,000,000 cu. ft. The reservoir covers 834 acres, most of 
which was heavily timbered prior to the construction period. 
Both dams are of reinforced concrete construction as shown in 
the accompanying illustrations, Figs. 2, 3, and 4, and consist of 
heavy reinforced buttresses with a deck on the upstream face 
at an angle of 45 degrees. The largest dam is in the Tallulah 
river six and one-half miles above the intake at Tallulah falls, 



Fig. 2—Mathis Dam—Spillway Section 


and is 660 ft. in length, 93 ft. high to the crest of the spillway 
concrete and-114 ft. to the top walkway. The other dam is a 
much smaller one and was made necessary by a depression in 
the hills about 1000' ft. above the larger dam. This dam is of 
similar construction, with the exception that it was necessary to 
lay a heavy reinforced concrete mattress over the entire dam 
foundation, in order to carry the stresses imposed on the founda¬ 
tion by the buttresses. The rock encountered at this dam was 
badly weathered, shattered and so full of micaceous material 
that it was not deemed advisable to depend solely on the area 
of the buttress footings for support. The cut-off wall was 
carried through this bad ground to a depth of 50 ft. below the 
base of the dam; this wall being also reinforced. The specifica- 
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tions called for a 1-3-6 concrete mixture with aggregate pass¬ 
ing a 2§-in. mesh screen for all floors, buttresses and abutments, 
and a 1-2-4 mixture with two-inch aggregatein all decks, crests 
and aprons. The reinforced steel was used of the “ corrugated 
bar ” type. The quantities involved in the construction of these 
two dams were 2,200,000 lb. of steel reinforcing, and 38,000 
cu. yd. of concrete. 

A power house (Fig. 5) was constructed in the main dam to 
take advantage of the flow of water through this dam and add 
the additional power thus produced to the output of the main 
generating station. This power house is of concrete substruc¬ 
ture and brick and steel superstructure, and has space for the 
installation of two 3000-kw. horizontal water-driven generators. 



Fig. 3—Mathis Dam—Section through Sluiceway 


The main dam has a spillway section 256 ft. in length and in 
order to impound more water is fitted at this section with flash- 
boards six ft. high above the concrete crest of the dam. The 
dashboards are built in sections 16 ft. in length with concrete 
piers between, seven sections of which are automatic and so 
designed as to retain the pond level at a constant elevation regard¬ 
less of flood conditions, within certain limits. There are in ad¬ 
dition to^ these seven automatic dashboards, nine hand-operated 
ones, which are similar to the automatic boards except that they 
are raised or lowered only by manual operation. 

The entire reservoir was cleared of timber, brush and other 
debris before impounding began, at a cost of $21 per acre, repre¬ 
sented by $8.35 for cutting and $12.65 for gathering and burning. 
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Fig. 4—Main Mathis Dam—Reservoir Full 
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Fig. 5—Main Mathis Dam 




















Fig. 7—Intake Dam 
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Fig. 12 
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Placing reinforcement 
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fe’ eating and maintenance' ^. 
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Lumber..~. 

Miscellaneous expenditure^ *. 

Superintendence and overhead ' ’ ‘ ‘ ‘ ' 

Total. 

It should be stated, however, in count 
that the construction of these dams was attended with consider- 
able le 2 al trouble and interference. Also a change of design of 
many portions after the work was well along. The work was 
nrst undertaken under contract, but was given up bv the con¬ 
tractors before it had been completed, and considerable time was 
then lost and unnecessary expense incurred which shows no in 
the yardage cost. The first contractors on this dam attempted 
to find satisfactory rock for concrete at the dam site, but the quality 
of material coming from this quarry was verv un satis factory. 
The nearest point at which good material could be found was the 
quarry at Tallulah Falls, which had been used in connection with 
the construction of the intake dam. and the greater portion of the 
rock for the two Mathis dams was then secured at this place, which 
involved the handling by rail over a distance of some seven miles. 


. $19,915 

n with these figures. 


The Diverting Dam 

The diverting dam, a section of which is shown in Fig. 6, is 
of the gravity type and built of cvclopean masonry, heavy stone 
forming a little over one-third of the mass, and concrete mixture 
the other two-thirds, of the composition 1-3-5. This dam is 110 
ft. high from the stream datum and has a length of 426 ft. It is 
built on a curved plan with a radius of 900 ft., and lias a spill¬ 
way section of 280 ft. in length, made up of ten 23-ft. openings 
between concrete piers which support a highway bridge across 
the top. Fig. 7 shows automatic dashboards 6 ft. high that are 
installed between six of these concrete piers for maintaining the 
crest of the pond at a given elevation within certain flood limits. 
The other four openings are fitted with stationary boards so 
designed as to give way entirely should a flood ever occur that 
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the automatic boards cannot take care of. There are two 
five-ft. sluice ways in the dam, 65 ft. below the crest, which in 
addition to the spillway gives an overflow capacity of something 
less than 20,000 second-ft. The flashboards have been found to 
operate with a change of three inches in the water elevation of the 
pond. It w r as necessary in the construction of these flashboards, 
Fig. 8, to build the concrete weights or rollers in place, each 
weighing 34,000 lb., wiiich are attached to the flashboards with 
two steel cables. These weights travel on an inclined track, 



JoLttfe T'Tl T P ° rted by * geared sproctet fitti ”g ilto racks 

S,?' : ci prevmt the roners from turning 

without moving along the track. 

v/kf® were us ® d ™ the construction of this dam 39,000 cu. 

S4 80 nCrS 6 J Was placed b y contractors at a price of 
$4.80 per cu. yd., the construction of the bridge piers and fla s h 
Wds be.ng addiaonai this amount. TtfcLZZ ed ™ 

tathemtum^f “” tract 1 0rs for * 1 ' 80 P* barrel, less 10 cents 
eturn of each sack. The contract price for the excava- 
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tion work in the dam foundation was $1.50 per cu. yd. regardless 
of whether wet or dry. It is the opinion of the writer that the 
cyclopean masonry actually cost the contractors about $3.70 
per yd. In analyzing this cost, several facts should be borne in 
mind; the quarry for all stone was within 300 ft. of the structure, 
all sand used was rolled from this rock, and no material entering 



the structure had to be transported except the cement and rein¬ 
forcing. 

The bridge on top of the dam is constructed of steel girders 
spanning the piers with reinforced concrete deck and railing, 
the steel girders being afterwards encased in concrete. 

It might be interesting to note that while the contract sped- 
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fications called for 33§ per cent large rock in the construction 
of this dam, the actual percentage in the finished structure was 
found to be 34 per cent. 

The construction of the dam was commenced in August 
1911 and the first concrete poured late in October, the con¬ 
struction then continued at the rate of 1000 cu. yd. per week 
until completed. Little difficulty was encountered during this 
period, with the exception of one flood during March 1912, which 
overflowed the work, notwithstanding the provision of two 
12-ft. square flood openings in the base of the dam. This 
flood washed away about 250 cu. yd. of concrete which had 



not sufficiently set to withstand the action of the water. No 
provision was made in the dam for expansion and contraction, 
the cracks resulting from this -action being left to form of their 
own accord. During the construction period the temperature 
ranged from 110 deg. to 10 deg. fahr., and only two tempera¬ 
ture cracks developed, neither of which leaked. 

The Intake 

The intake as shown in Pigs. 9 and 10 is a self-contained, 
reinforced concrete structure designed to withstand the stresses 
due to hydrostatic pressure when the pond is at its maximum 
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elevation and the intake empty, the rock at this point being 
badly weathered and thoroughly broken. In order to increase 
the strength of the structure it was designed in five bays with 
arched dividing walls, the construction involving about 7000 
cu. yd. of excavation, mostly rock, and 2670 cu. yd. of concrete. 
The reinforcing consists of heavy 7 steel beams and f-in. round 
rods spaced on three-inch centers. 

There are included in the structure five 8 ft. by 10 ft. intake 
gates operated by hand hoists. Coarse racks are placed out¬ 
side these gates to take care of heavy material, and additional 
finer racks made up of f-in. by 4-in. fiat bars spaced 1J in. 



Fig. 10 —Tunnel Intake 

apart are placed on an angle inside the gates. An automatic 
rack cleaning device in three of the bays consists of rakes 
operated on an endless chain driven by an electric motor through 
worm gearing. These rakes are driven at a speed of three 
feet per minute, and each rake designed to lift 100 lb. per lineal 
foot. It is interesting to note at this point that none of these 
racks have ever been cleaned, no debris having ever been found 
within the gates. The apparent reason for this is, that the gates 
are about 25 ft. below the elevation of the water in the pond, 
so that no floating material ever reaches the action of the in- 
rushing water. The head gates are built up of riveted steel 
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plates and beams with bronze sliding strips. The detailed cost 
of excavation and concrete for the intake is as follows: 


Excavation: Lumber.$0,974 per cu. yd. 

Explosives. 0.065 

Miscellaneous supplies. 0.123 

Transportation. 0.071 

Liability insurance. 0.049 

Removing debris. 0.235 

Total.$1,517 

Concrete : Labor.$3 # 902 

Cement. 1.982 

Lumber. 0.794 

Freight.! ’ * * 0*042 

Transportation. 0.203 

Liability insurance. 0.136 

Erection of plant. 0.400 

Crusher. 1.280 

Miscellaneous supplies. 0.205 

Removing debris. 0.086 

Total.$9.03 


The Tunnel 

Beginning at the intake, a concrete-lined tunnel, 6666 ft. 
having a net area of 151 sq. ft. inside the concrete lining, 
conveys the water to the surge or pressure tank located at 
the upper end of the penstocks. A circular section might have 
been more favorable for serving the purpose, but as no ex¬ 
tremely high hydrostatic pressure was anticipated, a section as 
shown in Fig. 11 was adopted; this form being much easier to 
excavate and line with concrete than a circular section. This 
tunnel was driven on a grade of two ft. drop per 1000, or 0.2 
per cent. The tunnel was driven as near the gorge as it was 
possible to construct it with safety, and it was found desirable 
to facilitate the excavating and lining by driving three adits 
from the tunnel line to the side of the gorge, and sink one shaft 
from the surface of the ground down to the tunnel line, 110 ft 
These adits were 7 ft. high and 15 ft. wide, the longest one 217 
ft and the shortest one 105 ft. Throughout its length, a hard 
micaceous quartzite, was encountered in the tunnel excavation, 
the stratification dipping down stream at an angle of about 22 
deg. from the horizontal. This rock was of highly crystalline 
nature and extremely abrasive, the drill bits usually losing about 
i m. of their diameter per foot of hole. During the first part 
of the construction work 3f-in. piston drills driven by compressed 
air were used but the progress was so slow, especially in the dry 
holes, as to make a change of drilling equipment imperative: 
the use of 100 pieces of drill steel for one dry hole not being 
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infrequent. Water core hammer drills were then substituted 
for the piston drills and twice the progress made, which proved 
the salvation of the tunnel construction. The use of approxi¬ 
mately 15 lb. of drill steel per lineal foot of tunnel is also an in¬ 
dication of the extreme drilling conditions which were met with. 
About 75 per cent of the tunnel was driven by the top-heading 

method, but the direction work 
was partially taken out of the 
contractor’s hands, and the lower 
heading or stopping method 
instituted on the remainder of 
the work. A comparison of 
the cost of the two methods 
shows a difference of 52 cents per 
cubic yard in favor of the latter. 
The lower-heading method al¬ 
lowed a much greater progress, 
as it did not involve pulling 
of the ground in the tunnel arch, 
nor did it involve the double 
drilling which was necessary to 
remove the bench left by the 
upper heading method. A detailed comparison of the cost of 
the two methods is given in the following tables: 

Cost per cubic yard 


Items Stoping Bench 

work work 

Labor. $2,415 $2,965 

Superintendent and walking bosses. 0.141 0.067 

General expenses. 0.036 0.101 

Office force. 0.103 0.085 

Storeroom force. 0.027 0.028 

Repairmen. 0.115 0.102 

Carpenters. 0.053 0.050 

Dynamite. 0.0329 0.416 

Exploders. 0.029 0.038 

Connecting wires. 0.015 0.014 

Kerosine. 0.002 0.002 

Lubricating oil. 0.013 0.012 

Tamping nags. 0.002 0.002 

Lamps. 0.011 0.010 

Piping and fittings. 0.015 0.029 

Drill repairs. 0.204 0.095 

Miscellaneous supplies. 0.041 0.063 

Drill steel. 0.107 0.080 

Blacksmith coal. 0.027 0.027 

Freight. 0.063 0.079 

Feed. 0.031 0.050 



Total 


$3,779 $4,315 
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The unit cost of excavating 39,831 yd. of this tunnel was 
as follows: 


Labor. 

Explosives. 

Lubricants. 

Piping. 

Drill repairs. 

Miscellaneous supplies. 

Freight. 

Transportation. 

Liability insurance. 

Miscellaneous charges. 

Depreciation on equipment 
Power. 


S3.833 per cubic yard. 
0.604 
0.019 
0.026 
0.172 
0.237 
0.087 
0.247 
0.181 
0.066 
0.150 
0.306 


Total 


$5,928 


The total excavation for the tunnel amounted to 56,000 
cu. yd 

The concrete lining of the tunnel called for the placing of 
18,966 cu. yd. of concrete of a 1-3-5 mixture, the rock not to 
exceed two inches in size. In considering the best methods for 
lining a tunnel of this small cross-section, it was decided that steel 
forms should be used, and it was afterwards decided to place the 
concrete by a method involving the mixing and transporting of 
the concrete by compressed air through eight inch diameter spiral 
galvanized pipe. The concrete w r hen mixed and placed in this 
manner was at times conveyed as far as 1000 ft. from the mixer 
through the eight-inch pipe and gave very good results as to quality 
of lining. It was found however that the forms were not of the 
exactly proper design to facilitate moving, as the space between 
the rock and the forms was so small as to make their movements 
difficult. The forms were not designed so that one section could 
be carried through the other, with the result that unconcreted 
space had to be left between the various form sections which 
involved a large amount of difficult bulkheading. It was found 
that great care had to be exercised to prevent the formation of 
voids in the lining, this being principally due to its relatively small 
thickness. A total length of 240 lineal feet of steel forms was 
used with three pneumatic mixing and placing machines. The 
side walls and arch were first completed, and then the invertor tun¬ 
nel floor laid. The progress on the sidewalls and arch amounted 
to approximately 200 lineal feet per week or 434 cu. yd., and the 
progress in laying the invert was at the rate of 800 ft. per week 
or approximately 544 cu. yd. The unit cost of the concrete lin¬ 
ing was as follows: 
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$ 5,061 
1.970 
0.405 
0.136 
0.065 
0.155 
0.165 
0.413 
0.245 
1.991 
0.858 
0.202 
0.376 

$ 12,042 

The materials for lining the tunnel were taken in at three 
places, viz: the forebay, shaft No. 4, and adit No. 3, as the rock 
suitable for this purpose was available at these places. Little 
of the material excavated in the tunnel could be used for the 
lining, the adits through which the waste was taken, out opening 
on the gorge side where there was no available space for storage. 
A quarry was subsequently opened at adit No. 3, and from this 
point at least 80 per cent of the aggregate material used in the 
tunnel lining was obtained. All sand used was rolled from the 
roqk so that only the cement and supplies had to be transported. 

The specifications called for the entire tunnel to be grouted 
with grout consisting of one part of cement to 1| parts of sand. 
Grout and vent pipes in. in diameter were provided in the 
tunnel arch at other places where necessary, 15 ft. apart, more or 
less. Four grouting machines were constructed and used with 
compressed air under a pressure of about 60 lb. per sq. in., 
and no trouble experienced in the grouting except that at some 
places considerably more material was used than was anticipated 
would be necessary. The cost of the grouting was $1,436 cu. 
yd. of concrete lining, made up of the following unit figures: 

Cost per 

Cost per lineal square 
foot of tunnel, foot lining. 
$ 2,209 $ 0.0491 

1.649 0.0367 

0.001 0.0002 
0.065 0.0014 

0.155 0.0034 

$ 4,079 $ 0.0908 

After the completion of the tunnel, two of the adits were closed 
with concrete barriers, adit No. 3 being fitted with a steel door 
set in- concrete so that future access to the tunnel may be had 


Item. 

Labor. 

Cement. 

Transportation. 

Liability insurance 
Miscellaneous supplies 


Labor. 

Cement... 

Miscellaneous materials 

Lumber. 

Freight. 

Transportation. 

Liability insurance. 

Royalty on mixers. 

Miscellaneous cost. 

Crushing stone. 

Quarrying stone. 

Plasterers. 

Cleaning tunnel. 

Total. 
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through this adit if desired. Shaft No. 4 was concrete lined and 
carried some ten feet above the ground and screened over so that 
access may be had at this point when desired, and also to furnish 
an additional surge point for the relief of pressure within the 
tunnel. 

The following figures give the approximate total cost of the 
tunnel per lineal foot: 


Excavation. $44.44 

Concrete lining. 34.20 

Grouting. 1.43 

Adits and shafts. 1.91 

Compressor plants, spur tracks and operation. 8.99 

Steel forms. 2.94 


Total. $93.91 


It will be noted that notwithstanding the high cost of the 
concrete lining, the total cost of the tunnel compares favorably 
with that of other developments. Fig. 12 shows the completed 
tunnel. 

Forebay 

At the lower end of the tunnel, the forebay, Fig. 13, or surge 
tank is located, which is of reinforced concrete structure. The 
reinforcement consists of heavy steel girders and plates, as used 
in steel building construction, latticed with various sizes of 
steel rods. There were some 700 tons of steel reinforcement used 
in the construction of this tank, which was necessary on account 
of the character of the rock at the location, and the proximity 
of same to the side of the gorge, this ground not being deemed 
of sufficient strength to be depended upon in caring for any of 
the hydrostatic pressure due to a surge or the static condition. 
The tank was therefore made entirely self contained from a 
pressure standpoint. 

This tank is 30 by 70 ft., and 95 ft. deep, and was designed to 
take the entire surge of the water when all of the wheels are 
shut off under 25 per cent overload. 

The excavation at this point involved some 4750 cu. yd. of 
rock, all of which was badly weathered and shattered, the 
greater portion of it being of such nature that it could not be 
used in the forebay or tunnel lining. The thickness of the con¬ 
crete in the tank varies from three to six feet, due to the irregular 
breakage of the rock sides. As shown in the accompanying 
sketch (Fig. 13), the tank extends about 64 ft. into the rock, the 
remaining 31 ft. of its depth or heighth being above the ground 
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line. The tunnel enters the tank a few feet above the bottom 
at the center of one side, and the six penstocks leave the tank 
on the opposite side, each of these penstock tunnels being pro¬ 
vided with an emergency gate which will automatically break 
its supporting chain if the penstock should rupture. 



The excavating of these six tunnels from the forebay to the 
side of the gorge was extremely difficult, both on account of their 
small size and the character of the rock through which they had 
to be cut. Very light drilling and blasting was necessary in order | 

not to break the rock barriers between the tunnels, which it was 
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desired to leave intact because of the additional strength they 
might give the structure. 

After the penstock pipes had been installed in these tunnels, 
concrete was placed around the pipes filling the space between 
the pipes and the walls of the tunnels, and then thoroughly 
grouted under pressure. It was a source of great satisfaction 
after the forebay had been completed and the water first turned 
into it that no leaks of any nature were discovered. 

The cost of the rock excavation at the forebay was as follows: 

habor.$1.620 per cubic yard. 

Explosives. 0.106 

Transportation. 0.089 

Liability insurance. 0.067 

Miscellaneous supplies. 0.246 

Miscellaneous expenses. 0.038 

S2.166 


The concrete lining of the forebay shows the following unit 
figures: 


Labor. 

Cement. 

Lumber. 

Freight. 

Transportation....... 

Liability insurance.... 

Miscellaneous expenses 

Crushing stone.. 

Miscellaneous supplies. 


SI. 680 per cubic yard. 
1.920 
0.117 
0.012 
0.013 
0.049 
0.178 
1.569 
0.033 


$5,571 

The above figures represent the unit cost of the concrete below 
elevation 1500. The thickness of concrete was so small and 
the amount of reinforcement so great in comparison with the 
concrete below elevation 1500 that no unit cost per yard was 
made. The concrete used above elevation 1500 cost $1,925 per 
superficial square foot surface one side. 

The cost of the steel reinforcing and erection is not given as 
this depends largely on the market price of the steel, and is 
exactly the same as in all steel building construction. It 
should be noted in connection with this structure that with all 
concrete used below the ground surface, forms were used only 
on the inside, the concrete coming into intimate contact with 
the rock outside the steel structure. 

Reference to Fig. 14, will show the elevation of the water 
in the surge tank and the hydraulic gradient corresponding 
to the various loads on the Tallulah station with the Tallulah 
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reservoir at its maximum and minimum elevation. This 
diagram shows the downward surge caused by an increase of 
load of 25 per cent and the upward surge caused by the station 
throwing off a load of 62,500 kw., -when the storage reservoir 
is at its maximum elevation. It has been found from tests 
that these calculations are extremely accurate. 


Incline Railway 

In order to make possible the transportation and handling 
of the vast amount of material and equipment from the head 
of the railroad connection at the forebay to the power house 
site, and to provide a means of access to the power plant after 
construction, an incline railway was constructed. 

The grade of this road conformed to the hillside as nearly 
as possible, in order to avoid excessive excavation. It is ap~ 


Surge Reservoir 
Area 2130 Sq. Ft 


IntaKe Hydrau \ic 




J to thrown®. 


otte^SOOJ^ 


Static_Level_ 1500\ - -If- 


'^Hydraulic Gradient 50,000 Kw. 
/^Hydraulic_Gradient_62,500_ Kw _ 




*1466 


'■Grade .2% 

{<-■---Tunnel.6665' - 


-* ‘Penstocks. 1 
13.5'Surge' 


Fig. 14 


proximately 1200 ft. long and rises in that distance some 650 ft., 
the maximum grade being 98 per cent. At each end of this in¬ 
cline the grade is 85 per cent and a car was provided with a 
capacity of 50 tons, whose platform is of such angle to the track 
that on the 85 per cent grade it is level. This car is built of 
steel throughout, with the exception of the floor, which is of 
timber. All hydraulic, electrical equipment, building material 
and steel work of every nature was transported on this car to 
the power house site without accident either to men or material. 
This was considered quite a record at the time, as 30,000 tons 
of material of all nature and approximately 400,000 passengers 
were handled during the construction period by this railway. 
The accompanying illustration shows the heaviest piece being 
transported, Fig. 15. 

For the operation of the incline railway a steam hoist was 
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provided at the top of the hill to be operated either by com¬ 
pressed air or by a boiler plant which was located nearby. This 
hoist was also provided with an extension base on which a rail¬ 
way type motor was to be located after the construction period, 
and the hoist would then operate on energy furnished by the 
main power plant. This hoist was provided with two heavy 
cast iron drums and connected to the car by two If-in. diameter 
special steel wire cables, each of the cables being connected to 
the ends of a yoke on the car. The car was provided with an 
automatic cast iron grip connected to the cable yoke and so 
designed that it would close its jaws, if either cable should 
break, on a lf-in. patent locked wire grip cable laid in the center 
of the track and thoroughly anchored at the upper end! The 
ultimate strength of this grip cable as specified, was 260,000 lb. 
There was no cause during construction for this arrangement to 
operate, since no accident involving the breaking of either 
hoisting cable occurred. The hoist is arranged to give the car 
two speeds, that of 60 ft. per min. on heavy loads, and of 180 ft. 
per min. when a higher speed is desirable. 

The track of this incline railway is built with 80-lb. rails, 
laid on oak ties with a 6-ft. gage. It was found necessary on 
the upper and lower 150 ft. of the track to lay the ties in con¬ 
crete, as no material would stay in place on the rock surface. 
All other portions of this track are heavily rock ballasted; the 
track being at many points anchored to the underlying stratum. 
A brick and steel house covers the hoist arrangement at the head 
of the incline; this house being of similar design and appearance 
to the power house building. The relative cost of this incline 
railway will be given in a subsequent table. 

Penstocks 

When the penstock installation was first considered, a plan 
of installing three penstocks, each serving two units, was given 
considerable attention. It was finally decided to use one pen¬ 
stock for each water wheel in order to give greater flexibility 
in plant operation and to do away with certain other disad¬ 
vantages where one penstock served two machines. 

There are at present installed five of these penstocks, Fig. 16, 
each five ft. in diameter and approximately 1250 ft. in length; 
provision being made for the installation of a sixth pipe. It 
being impossible to bury the penstocks on the hillside, they were 
carried on concrete piers spaced 32 ft. apart, and with heavy 
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anchor blocks inserted at all vertical and horizontal bends. 
Below each of these anchor blocks in all pipes are expansion 
joints of the packed gland type, with an adjustable angle ring 
and square hemp packing. These expansion joints were in** 
serted for the purpose of removing the excessive stress due to 
temperature and other changes of tubes of this large a diameter. 
The maximum variation of temperature considered in this in¬ 
stallation was 65 deg. fahr. 

In order to allow the penstocks to move freely over the 
supporting piers, 12-in curved steel channels were provided 
under the penstocks at the supporting points; thereby removing 
the adherence or excessive friction at the concrete contact. 
These penstocks were placed on 10-ft. centers and all piers 
and anchor blocks were carried down and anchored to the solid 
rock by means of heavy anchor bolts. The five penstocks 
weigh 1170 tons, of which 565 tons are riveted and 605 tons 
welded; it being deemed advisable to have welded pipe in the 
lower portions of the penstocks where the pressure would be 
greatest. The thickness of the steel plate in the penstocks 
varies from f in. in the upper section to 11/16 in. in the lower 
portion. There are about equal lengths of each thickness of 
plate, beginning with the f-in. plate mentioned and increasing 
by 1/16-in. steps. 

Each section of welded pipe was tested at the manufacturer’s 
shop in Germany with a pressure of one and one half times 
that to which the pipe would ultimately be subjected. After 
erection, all field joints were caulked inside and out, and at 
angle points stiffening angles were supplied for the purpose of 
anchoring the penstocks in the concrete blocks. An eight inch 
diameter air valve is provided in each penstock just below the 
upper gate in order to break any vacuum caused by a too rapid 
acceleration of the water column in the penstock below. It 
can well be imagined that considerable difficulty was encountered 
in placing and riveting these penstocks. As it was done in 
the summer time it was found impossible to do any riveting 
on the pipe except at night on account of the heat of the sun, 
the temperature inside of the pipe rising at times to 170 deg. 
fahr. 

The five-ft. diameter of each penstock is maintained through¬ 
out its length, with the exception that Venturi meters have been 
installed just above the switch house for the purpose of water 
measurement. In the Venturi throats the water channel tapers 
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l? 3 V n - ^ , again reSUmes the five ' ft - dimeter until reaching 
the 4o-m. hydraulic gate valve at the turbine entrance, where 

!4rh P l P rn taPerS 1 10 ^ diameter ‘ Each penstock is provided 
f. a l°- m - e f tri cally operated gate valve just outside of 
the torebay wall. These valves are operated by an electric 

?°naM W ^ Ch K S C ° ntr0lled fr0m the PQW6r hoUse generator room; 
signal lights being provided at that point, indicating whether 

the valve is open or shut. These valves are seldom used and 

‘ h f ,T* “ sta * ^ repairs 





Fig. 15 —Revolving Field on Incline Car Fig. 16 —Completed Penstocks 
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mixed material being carried down in wooden chutes to each 
block. There were 2231 yd. of this concrete placed, under a 
contract price of $7.50 per yard. The remaining 5881 yd. was 
placed at the following unit cost: 


Labor. 

Cement. 

Miscellaneous supplies. 

Lumber. 

Transportation. 

Liability insurance. 

Plant erection and operation 
Miscellaneous expenses. 


S3.422 
1.639 
0.314 
0.258 
0.102 
0.107 
0.854 
0.166 


Total cost per cubic yard 


S6.862 


Of the excavation, 13,636 yd. were taken at the contract 
price of $1.50, the remaining 19,602 yd. being taken at the 
following unit cost: 


^ ab ? r *.. SI. 163 

Lxplosives. q q ^2 

Transportation. 0 075 

Liability insurance.* ’ ’ o"053 

Miscellaneous supplies. q 94 

Miscellaneous expense.* ’ 0*008 


Total cost per cubic yard 


SI.435 


Fig. 17 gives dimension of the penstock and its relation to 
the forebay and power house. 


Power Plant Buildings 

The power plant buildings, as shown in Fig. 18, and in cross- 
section, Fig. 19, are constructed with a concrete sub-structure, 
and a structural steel framework enclosed with full brick walls 
as a super-structure. The roof consists of steel trusses with 
steel channel purlins surmounted by reinforced concrete slabs, 
these slabs being interlocked and cemented after being placed. 
The upper surface is red in color, giving the appearance of tile, 
and the under surface painted white. 

There are two main buildings, known as the generator build¬ 
ing and the switch house, which are connected by a small build¬ 
ing of the same general type, 28 ft. 4 in. long and 20 ft. wide. 
The two main buildings and this small building form a structure 
resembling a letter H. No wood or inflammable material of any 
nature has entered the construction of these buildings and they 
are therefore entirely fireproof. 

The generator building, 186 ft. long, 42 ft. 3 in. wide and 49 ft. 
high above the generator floor, is designed to accommodate six 



















2412 


ADSIT: HYDROELECTRIC CONSTRUCTION [Oct. 11 


units on 28-ft. centers. The concrete sub-structure of the gen-" 
erator building comes up to the window sills in the generator 
room, and above this begins the super structure. The turbine 
room is below the generator room floor, and from the turbine 
floor to the contact with the rock is a solid concrete founda¬ 
tion. Heavy dividing walls separate each turbine bay and 
support the generator floor, which is of steel framework encased 



Pig. 19 


m a concrete floor approximately five ft. thick. The units are 
on 28-ft. centers, with all of the hydraulic machinery, with the 
exception of the governor head, on the lower floor. This in¬ 
cludes for each unit, one 17,000-h.p. vertical hydraulic turbine 
two triplex oil pumps, each of 70 gallons per minute capacity 
and one oil filter and storage tank from which these pumps 
obtain their supply of oil. One of the pumps is driven by a 
direct connection to the main turbine shaft and the other by 
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a 35-h.p. 220-volt d-c. electric motor, this motor being supplied 
with energy from the auxiliary exciter bus. The pumps serve 
two purposes in connection with the waterwheels; that of 
lubrication and gate control, the governor on the generator floor 
actuating by means of oil pressure of 160 lb. two cylinders at¬ 
tached to the gate yoke which opens and closes the wicket gate 
according to the control of the governor, action. 

The water turbines are designed to operate at 514 rev. per 
min. under an effective head of 580 ft., this, by the way, being 
the highest head under which any turbines are being operated 
in the United States. The runners of these machines are made 
of bronze and cast in one piece, 56 in. in diameter, with eighteen 
buckets or vanes. This runner is bolted to the lower flange of 
a 14-in. nickel-steel shaft, the shaft being built in two sections, 
one connected to the water wheel and the other passing through 
the generator rotor, the two sections being bolted together by 
means of a faced flange coupling. The scroll case of the turbines 
is made of cast iron in one piece, and has a 45-in. inlet with an 
outlet flange immediately opposite connected to a 20-in. gate 
valve which is in turn connected to the hydraulic relief valve. 
This relief valve is operated by the governor and opens when 
any sudden reduction in water demand occurs. The 24 wicket 
gates of the turbine are of forged steel and connected to the 
operating ring by cast steel shanks. The main journal or guide 
bearing of the waterwheels is held by the upper cover, and is 
lined with lignum-vitae strips with end wood towards the shaft. 
Immediately above these lignum-vitae strips is a chamber which 
is piped to the water in the penstocks and kept just overflowing 
during operation. The relief valve mentioned is capable of 
discharging 70 per cent of the water capacity of the turbines, 
thus eliminating the water hammer and excessive pressure in 
the penstocks due to any load being suddenly removed from 
the machines. 

The turbines are set directly over the entrance to the draft 
tube, which is 40 in. in diameter at the upper end and eight feet 
at the outlet. 

All of this equipment was tested under 400 lb. pressure per 
sq. in. before it left the manufacturers shops. The governor 
cylinders which operate the gate mechanisms are capable of 
exerting 60,000 ft-lb. of energy in this operation. They are 
mounted on base plates which are. secured to the scroll case and 
bolted to the concrete floor. The entire scroll case is sub- 
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merged in the concrete foundation to half its diameter. The 
specifications for the governor control called for a speed variation 
for 25, 50, 75 and 100 per cent variation in load not to exceed 
3, 7, 13 and 20 per cent respectively, above or below normal. 
It was also specified that the flywheel effect of the generator 
rotor would be 1,250,000 ft. lb., and it has been found during 
operation that the speed regulation under these circumstances 
is much better than that specified. While no accurate per¬ 
centage has been obtained, it has been noted that full load may 
be thrown off the machines without any noticeable increase in 
speed. 

The 45-in. gate valve is placed in the penstock line just ahead 
of the heavy cast steel anchor piece which is in turn connected 
to the turbine. This gate valve is hydraulically operated, con¬ 
trolled from the generator floor, and has a control cylinder 26f 
in. in diameter, with cast iron piston and bronze covered gate 
stem. 

The water discharged from these turbines enters the tail 
race which is tapered from 10 ft. at the upper end to 50 ft. at 
the lower end, and is protected from the river by a solid con¬ 
crete wall extending from the first unit upstream to 100 ft. be¬ 
low the power house proper. Installed in this tail race at the 
lower end is a submerged concrete wall which was fitted with 
anchor tubes and bolts for the purpose of erecting a weir thereon 
at any time it may be desired to accurately measure the dis¬ 
charge of water from the machines. In addition to this weir, 
and in service constantly, are Venturi meters connected through 
a system of piping and valves to each penstock. This meter 
installation consists of one meter and recording device, and four 
manometers which can be connected to any penstock desired. 

In addition to the five main waterwheels there is installed 
a 75-h.p. Pelton wheel driving a 50-kw. exciting set, this wheel 
being placed in the sub-structure of the small building, and 
serving as a small station pick-up set or exciter as desired. 

Generators 

The generator equipment, Fig. 20, as installed at present 
consists of five main units, each rated at 12,000 kv-a. maximum, 
at 6600 volts. They are three-phase, 60-cycle revolving-field 
type, very similar in design to vertical steam turbine units. 
These machines are guaranteed, when operating at 80 per cent 
power factor to have a temperature rise not exceeding 40 deg. 
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cent., or at 25 per cent overload for two hours, not above 55 
deg. cent. It has been found in operation that these temperatures 
are not reached under the above conditions. They have a 
guaranteed efficiency under full load of 95.5 per cent, which has 
been considerably exceeded under tests. All the guarantees 
on these machines were based on a 10,000-kw. rating, but their 
performance under operation was such that they were re-rated 
to 12,000 kw. maximum, for the reason that not only were they 
good for this load on continuous run without the temperature 
rise exceeding the specifications for 10,000 kw., but it was also 
found that the waterwheels could be re-rated to 17,000 h.p., 
thus conforming to this additional generator capacity. 

The revolving field structure is made up of steel disks bolted 
together with the field pieces dove-tailed thereto. They are 
designed to withstand a runaway speed of 1.7 times normal 
for one hour. The field coils are wound with, strip copper on 
edge and insulated sufficiently to meet this requirement; heavy 
spacing and end blocks are provided for each coil to prevent the 
windings from bulging under this high speed. 

The generator has two guide bearings and also carries the 
thrust bearing supporting the entire revolving weight. This 
bearing is of the ordinary disk type and is supplied with oil at 
150 pounds pressure. It is supported by the generator housing 
just below the exciter, which is also carried on the same sup¬ 
port, the exciter armature being bolted to the upper end of the 
generator shaft. The over-all diameter of the generator is 
13 ft. 8 in. and the height from floor to top of exciter 17 ft. 8 in., 
the total weight without the shaft being 76 tons. 

Each generator, as already indicated, is surmounted by a six- 
pole, compound-wound, commutating-pole exciter direct-con¬ 
nected to the generator shaft and having a rating of 100 kw. 
at 250 volts, with 25 per cent two-hour overload capacity. 
Each exciter is capable of exciting two generators and provi¬ 
sions are made in the switching arrangement so that any exciter 
may be operated in parallel with the others on the field bus or 
connected to an auxiliary power bus. These exciters are con¬ 
trolled by a two-unit voltage regulator, thus providing a means 
of operating the station on two independent power services. 

The wiring from the exciters is carried down the inside of 
the generators between the laminations and the cast armature 
ring, and is connected to the main exciter switchboard by cables 
laid in fiber conduits, which are in turn laid in the concrete of 
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the generator floor. The power current of the generators is 
connected through a similar system of conduit by means of 
cables directly to the oil switch equipment in the switch room, 
no a-c. switching of any nature being done in the generator 
building. 

The armature windings of the generators are Y-connected, 
the neutral being carried to a system of switches whereby only 
one generator may be grounded at one time. 

The ventilation of these machines is forced by means of 
fans on each end of the revolving field, which cause a flow of 
35,000 cu. ft. of air per minute. This air is taken from the 
waterwheel -floor and discharged through the generator air 
passages opening into the generator room. 

The generator room is provided with a 60-ton electric crane 
travelling the entire length of the building. This crane is 
also fitted with an auxiliary hoist of 15 tons capacity mounted 
on the same carriage as the main hoist. It is supplied with d-c. 
energy at 250 volts from the auxiliary exciter bus. 

The generator room is also provided with a gallery, as shown 
in Fig. 20, 155 ft. long, which encloses all field rheostats, exciter 
and auxiliary buses, and exciter switchboard, this switchboard 
being on the same level with the generator room floor. 

Switch House 

The switch house is a building similar in construction to 
the main building and is 244 ft. long, 46 ft. wide and 103 ft. 
high from the first floor to the lower cord of the roof trusses, 
insidfe dimensions. It is so situated on the hillside that the 
lower outside wall is 15 ft. higher than the one next the hill side. 
This building is substantially provided with three floors, the 
first floor containing all low-tension switches, transfer buses, 
etc., the second the power transformers, and the third all high- 
tension switching equipment. 

Referring to the accompanying wiring diagram of the power 
house, Fig. 21, it will be noted that the generators are connected 
through low-tension oil switches on the first floor of the switch 
house to the transformer deltas on the floor above by two 
1,000,000-cir. mil varnished cambric-insulated single-conductor 
cables for each phase, earned in fiber ducts, these ducts being 
supported in passing from the generator building to the switch 
house by means of small reinforced concrete bridges. The 
switching arrangement is so designed that each generator may 
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be connected so its respective transformer bank, or connected 
to a transfer bus running the entire length of the building to 
supply any other transformer bank, and to multiple the gen¬ 
erators on the low-tension side. There are three low-tension 
switches to each unit, the generator and transfer bus switches 
being non automatic of 1200 amperes capacity. The trans¬ 
former switches are of the automatic type, and are provided 
with inverse time limit relays, so arranged that they will trip 
both the low-tension and high-tension transformer switches 


OUTGOING LINES 



simultaneously. These relays are energized from three 1500- 
ampere current transformers inserted in the transformer con¬ 
nections, and housed within the concrete barriers in the low- 
tension switch room. All of the low-tension 6600-volt oil 
switches are of the remote control, motor-operated type, and 
each phase separately enclosed in a brick compartment with 
brick barriers. The switches and operating mechanisms are 
supported on soapstone slabs built into this brick structure. 
Disconnecting switches are also inserted in each lead, and 
located in this brick structure for the purpose of isolating the 
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switches in case of repair. The transfer bus, running the entire 
length of this lower floor, is also enclosed in a brick and soap¬ 
stone structure. 

All high-tension wiring consists of one-in. copper tubing 
spaced eight ft. between phases, and mounted on porcelain in¬ 
sulators. The high-tension bus runs the full length of the 
upper switch room, and is sectionalized in the center by a bank 
of oil switches. Each of these sections is again sectionalized 
by means of disconnecting switches of the ordinary open air 
type, which provides each of the four high-tension outgoing 
lines with an individual section of this high-tension bus. 

The high-tension oil switches in this room are of the solenoid 
operated type, each switch being single pole, double break, 
single phase, so that three are installed in each unit and operate 
simultaneously. They are installed in this switch room, one 
bank of switches for each transformer, one bank for section- 
alizing the high-tension bus, and four banks in the outgoing 
lines, making a total of 10 banks or 30 separate switches, which 
is said to be the largest number of 110,000-volt switches in¬ 
stalled in one room in service in this country. One of the 
accompanying illustrations, Fig. 22, shows a general view of 
the arrangement of switches in this room. 

The outgoing line switches are provided with inverse time 
limit series relays mounted on post insulators just above the 
switches. 

It may be interesting to state at this point that one bank 
of these outgoing line switches has opened under an energy 
load of 27,000 kw. without spilling the oil or causing the slight¬ 
est- disturbance. 

All of the high-tension switching equipment and wiring is 
designed for 110,000-volt operation, but has frequently been 
subjected to an operating condition demanding 130,000 volts 
at this station without the least injury. 

The Control Board 

The operation of the entire station is carried out from the 
control board on the upper floor of the small building con¬ 
necting the two larger ones, and consists of the ordinary bench¬ 
board controlling all oil switches of the remote control type, 
the w r ater wheel governors, exciters, main generator rheostats 
and voltage regulators. It is also fitted with signal buttons 
enabling the operator to .advise the waterwheel and generator 
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attendants of his desires in connection with the starting or 
shutting down of any machine. Immediately behind this bench¬ 
board is a six-panel black slate instrument board, on which all 
electrical instruments are mounted. In addition to the usual 
voltmeters, frequency indicators, power factor indicators, am¬ 
meters and recording instruments, a device has been installed 
whereby any line disturbance causing a permanent or tem¬ 
porary ground is brought to the attention of the switchboard 
operator by means of relay operating flash lamps and a record¬ 
ing ammeter. These instruments are connected to current 
transformers in the grounded neutral of the high-tension leads. 
The relay is designed to make sufficient noise to attract the 
operator’s attention should he fail to notice the lamp signals. 
This instrument has been found to record any flash-over of the 
line insulators, and almost every other disturbance which 
occurs on the high-tension lines. It gives the operator in many 
cases advance information of coming trouble. 

Transformers 

Corresponding to each of the five generators is a bank of 
single-phase, water-cooled, oil-insulated, shell-type transformers, 
each bank being separated from the adjacent banks by rein¬ 
forced concrete fire walls, Fig. 23. Each of these transformers 
has a normal continuous rating of 3333 kv-a. with a temperature 
rise within 40 deg. cent., and a 25 per-cent two-hour overload 
capacity with a temperature rise within 55 deg. cent., based 
on a supply of 15.7 gallons of cooling water per minute, with 
an efficiency of 98.7 per cent. 

The water for these transformers is supplied through a pip¬ 
ing system running the full length of the switch house, from 
an elevated tank above the main buildings, which is in turn 
connected through an automatic filling valve to the penstocks. 

The low-tension 6600-volt windings of these transformers 
are delta-connected, while the high-tension windings are star- 
connected, the arrangement giving a transmission voltage of 
110,000 volts. The high-tension windings are accordingly de¬ 
signed for 63,500 volts. The neutral lead from all banks is 
connected through open air disconnecting switches to a mam 
ground bus, which is grounded through 127 ohms current limit¬ 
ing resistance. These transformers are furnished with three 
5 per cent taps, corresponding to voltages below normal of 
60,300, 57,200 and 54,000. They were all submitted to a test 
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. # 
of 220,000 volts for one minute between primary and secoi |5 * 

ary, and primary and core. The tanks are cylindrical ixi 1 \ 

sign, built of steel plate with cast iron covers. They are motun * * 

on trucks which can be moved to any part of the switch i 

ing by means of a transfer truck onto which the smaller tra« 

supporting each transformer can be rolled. 

Each transformer requires approximately 2800 gallons * 
insulating oil, and a system of piping has been installed wherid 
this °il may be taken from any transformer, filtered and return 1 ' 
thereto without necessarily taking the transformer out of 
vice. A quick-opening valve is provided at the bottom of erM 5 
transformer and connected to a system of discharge piping: ou ?■ 
side the building through which the transformers may * ' *' 
quickly emptied of oil in case of fire. Each transform ox* s 
provided with thermometer equipment fitted with contii*' 1 
making device for operating an alarm'bell in the control ro< ** * 
in case of any temperatures-reaching a dangerous valixo . 

These transformers are eight feet in diameter, 134 ft. briLgl* t • 
the top of the cover, and 16 ft. 6 in. to the top of the hi*** • 
tension leads, each single-phase unit weighing complete *vvif *» 
oil 23 tons. 

Outgoing Lines 

The high-tension leads leaving the building are carrii** t 
through built up porcelain insulating shells attached to 11 1 * ~ 
steel framework of the building and filled with insulating < * % I . 
Fig. 24. There are four outgoing lines, the three leads of * 

after leaving the building, being connected through choke coil ?* 
mounted on a steel framework bracketed to the steel woxrlv * • I 
the switch house. Immediately behind the switch house is 
paralleling high-tension bus in four sections supported on sfc§‘t 
framework resting on a concrete base, one of the outgo i i * *. 
lines being connected to each section, and open air disconxxc< r * 
ing switches installed between the bus sections. The outgoj i % |* 
lines then pass to the lightning arrester structure, Fig. 25, *fc!i $ 
structure being likewise of galvanized steel framework 3X *| , 
ported on concrete foundations, the lightning arrester equ i f * 
ment consisting of four-tank, aluminum-cell, three-phase 110,001 l 
volt arresters, three of the tanks being connected througOh. ti n¬ 
horn gap switches to the separate phases of the line, and t,!sv* 
fourth tank between the common terminal of the other .-fcln, 
and ground. Four sets of such equipment have been installer I 
one on each line. 
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Station Service 


The station lighting service is supplied from the low-tension 
bus through two banks of three 20-kw. single-phase trans¬ 
formers, stepping the voltage down from 6600 volts to 230 or 
115 volts. This lighting service may also be supplied from the 
exciter or auxiliary buses, or if the station is entirely -shut down, 
from the 75-h.p. Pelton waterwheel set previously mentioned. 

The alternating-current service also supplies power to a motor- 
driven air compressor, the air being piped throughout both build¬ 
ings with service connections opposite each piece of electrical appa¬ 
ratus so that it may be used for cleaning and other station service. 

A ground bus has been earned through the cement floors of 
the power house buildings and connected to every electrical 
piece of apparatus in service. It is also connected to the steel 
building structure at various points and to the cast iron hous¬ 
ings of the entrance bushings, every precaution thus being 
taken to insure the grounding of all parts with which the opera¬ 
tors might come in contact. This ground bus is connected to 
a separate ground other than that of the high-tension arresters. 

The unit cost of the power house buildings and installed 
equipment is given in the following tables, the cost of the 
hydraulic and electrical equipment being based on the installed 
capacity of 50,000 kw. on the original rating and that of the 
buildings and other equipment on 60,000 kw., the ultimate 
capacity of the original rating. 


Buildings and Foundations: 

.Rock excavation. 

Concreting foundations and sub¬ 
structure. 2.114 

Structural steel... 0.522 

Handling and unloading. 0.030 

Erecting... 0.109 

Brick, sand and cement. 0.460 

Handling, mixing and laying. 0.960 

Windows and doors. 0.176 

Handling and erecting.. 0.003 

Tile roofing. 0.115 

Concrete tile floors. 0.400 

Miscellaneous material. 0.186 

Miscellaneous labor and transpor¬ 
tation of men. 0.234 

Painting. 0.124 

Plumbing. 0.053 

Building inspection.‘0.142 


$0.428 per kilowatt of capacity. 


Tail Race : 

Rock excavation. 0.197 

Cribbing. 0.017 

Concreting tail race walls... 0.242 


Total 


$6,512 
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Equipment: 

W^r UliC e T ipm ? nt .$6,582 per kilowatt 

Handling and erecting. 0.463 

Electrical equipment and erection..6.236 

Auxiliary equipment. 0.999 

Handling and erecting auxiliary 

equipment. 0.105 

High- $nd low-tension switch and 

bus structure. 0.445 

Water and oil piping system. 0.244 

Total equipment.:.Si5.074 

Grouping the above items under a more condensed form 
we have: , J 

Tail race.;. « n 

Buildings—substructure. . v'ilo 

Buildings—superstructures. . Z ' Z 70 

Buildings—inspection. . n 1 lo 

Total equipment...!! !!!!!!| ] 15 . 07 ! 


Cost per kw. capacity. 


$21,586 


In addition to this cost there is a certain proportion of the 
temporary compressor plant, spur tracks, general tool and 
utility equipment, etc:, amounting to $1,178 which should be 
charged to this power plant construction, making the total 
cost of the power plant buildings and equipment $22,764 per 
kilowatt capacity. 

As the foregoing costs do not in some instances give the cost 
o completed structure under the various headings, the follow- 
mg tabie will supply the construction cost per kilowatt capacity 
, 6 P ower production plant, including reservoirs, 

dams all hydraulic conduits, power plant and equipment, and 
including temporary construction plant, such as compressor 
plants, water system, spur tracks, etc. 

Mathis dams and reservoirs 

i» s ,d ra , ad .1:1K P 

Tunnel.. ’. ’ ’ j. lo'oSe 

Forebay.... 

Penstock tunnels and portal.' n ’ rq? 

Penstocks and foundations.... e' r.p.o 

Power plant and equipment.’' ; ' 2 2 764 


Total construction cost, power production 
plant, per kilowatt 


$ 66,666 


Transmission Lines 

nnt! t ready ?i n l 6d , ° Ut “ the be S inn “g of this article, the 
P er house at Tallulah is connected with the main distributing 
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station at Atlanta, known as the Boulevard station, by a double¬ 
circuit steel tower line. 

The towers, Fig. 26, on this line are of the four-legged con¬ 
struction, 66 ft. in height, 20 ft. square at the base and 5 ft. 
at the top or basket portion of the tower, and weigh 5554 lb. 
The towers are fitted with four channel iron crossarms of such 
lengths as to support the two circuits from the ends of these 
arms with a clearance of 16 ft. between the two circuits, or 
5 ft. 6 in. between either circuit and the tower. This tower is 


known as the standard 4/0 
tower to distinguish it from 
another type of heavier con¬ 
struction which is used as an 
angle tow T er on the same line* 
This latter tower weighs 6880 
lb. The specifications govern¬ 
ing the design of the standard 
4/0 tower were as follows: 

Case 1. A pull of 4300 lb. 
at right angles to the end of 
any one crossarm, represent¬ 
ing the stress due to the dead¬ 
ending of one conductor. 

Case 2. A vertical load of 
1500 lb. at the end of any or 
all crossarms to cover the 
weight of the wire and in¬ 
sulators in adjacent spans. 

Case 3. A load of 1500 lb. 
in any direction at the top of 
the tower corresponding to 
the wind pressure on the 



Fig. 26—Standard 4-0 Tower 


projected tower area. 

Case 4. A load of 10,000 lb. at right angles to the line or 


parallel to the crossarms; that is, 2500 lb. at each crossarm; 
at the same time a pull parallel to the line or at right angles 
to the crossarms of 8000 lb., that is, 4000 lb. in the same or 
opposite directions at the' end of any single crossarm, or at 
one end of any two crossarms. The first conditions represent 
the stress due to wind pressure on the projected area of the 
crossarms and wires themselves, and the second the stress 
caused by the breaking of two wires, one on each side of the 
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crossarm at different ends, resulting in a couple which sets 
up torsional strains in the tower. 

The crossarms are proportioned for a combination of cases 
1 and 2, and 1250 lb. horizontal thrust at the end of the arm. 
The tower is proportioned for the maximum combination of 
cases 2 and 3 or 2 and 4. 

The footings for the regular straight line towers were secured 
by extending the tower legs some seven feet into the ground and 
bolting cross angles to them. On strain and angle towers, con¬ 
crete footings were provided, and the tower legs secured fastened 
to these footings. 

The towers on this line are spaced from seven to eight per 
mile, and as stated carry a double circuit transmission line. 
Each circuit consists of one 7/16-in. steel strand ground wire 
and three 4/0 copper conductors, made up of seven strands of 
hard drawn copper with a central strand of soft , drawn. All 
four wires of each circuit are arranged in a vertical plane with 
9-ft. spacing between the power conductors and 3 ft. 4 in. be¬ 
tween the ground wire and upper conductor immediately below. 

The ground wires are fastened to the ends of the upper cross- 
arms by means of a specially designed steel clamp, and the 
power conductors suspended from the ends of the other three or 
lower crossarms by means of two part suspension insulators, 
with four units in series on straight line towers and five on 
strain towers. Strain towers are provided for anchoring the 
conductors every mile, and also on both sides of all railroad, 
telephone line or other power line crossings. 

From the Boulevard station to what is known as the North 
Atlanta switching station, a distance of 3.6 miles, is constructed 
a steel tower line of somewhat heavier proportions, the towers 
on this line being 80 ft. in height and weighing approximately 
8000 lb., while at certain places along this line an additional 
20-ft. extension was necessary to raise the conductors a suffi¬ 
cient height above the city roadways. This line is known as 
part of the Atlanta Outer Zone Line, and carries in addition to 
the two 7/16-in. steel ground wires, and the two 110,000-volt 
2/0 circuits, two 11,000-volt lines of 4/0 copper conductors. 

The 110,000-volt line from the North Atlanta frame to 
Lindale is also carried on a double-circuit steel tower line, one 
circuit of which has not yet been installed. These towers are 
similar in design to those used on the main Tallulah-Atlanta 
line, but of lighter construction, and are known as the standard 
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2/0 towers. They measure 16 ft. at the base, 4 ft. at the top, 
and are 70 ft. high. They were designed to withstand the 
following loading: 

Case 1. A longitudinal pull of 3000 lb. at right angles to the 
end of any one crossarm. 

Case 2. A vertical load of 1200 lb. at the end of any or all 
crossarms. 

Case 3. A load of 1200 lb. pulling in any direction at the top 
of the tower. 

Case 4. A load of 8000 lb. pulling at right angles to the line 
or parallel to the crossarms; that is, 2000 lb. at each cross- 
arm. At the same time a pull of 5000 lb. parallel to the line 
or at right angles to the crossarms; that is, 2500 lb. at each 
end of any single crossarm in the same or opposite directions, 
or at one end of any two crossarms. 

The combination of loads used in the design was the same 
as in the 4/0 towers, and the unit stresses likewise the same. 

The power circuit consists of three 2/0 stranded copper con¬ 
ductors, and the ground wire is a f-in. steel strand, the wires 
being arranged in a vertical plane the same as on the Tallulah- 
Atlanta line, and the spacing likewise the same. The insulators 
used on this line are of the suspension type, 10 in. in diameter, 
with five units in series on straight line towers and six units 
on strain towers. The line is 65.4 miles in length from the 
North Atlanta station, or 69.2 miles from the Boulevard 
station. 

The 110,000-volt line from Atlanta to Newnan is also carried 
on the Outer Zone line from the Boulevard station to North 
Atlanta, and from the latter station to Newnan on a double¬ 
circuit steel tower line of exactly the same design as the Lindale 
line, just described. Only one 110,000-volt line has been in¬ 
stalled on this tower line, but there has been strung on the 
other side of the towers between the North Atlanta station and 
Fairburn, Ga., a station some twenty miles distant from Atlanta, 
a 22,000-volt three-phase 4/0 line, which is being used for sup¬ 
plying the territory around the latter station with low-voltage 
power until \ a regular high-tension substation can be built at 
this latter place, and the second 110,000-volt line strung along 
the steel towers. 

The approximate cost in detail of the Tallulah-Atlanta trans¬ 
mission line is given in the following table: 
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Cost of right-of-way, including commissions, 


surveying, etc.S 845.72 per mi. 

Legal expense, examination of titles, etc. 184.27 

Clearing right-of-way. 91.04 

Tower material—steel.; 1522.66 

Foundations and setting. 1109.10 

Cost of copper conductors. 3563^49 

Cost of steel ground wire. 196.41 

Cost of insulation. 215.44 

Cost of stringing conductors. 486.15 

Miscellaneous expenses. 49.38 


Total .$8263.66 

The total unit cost of the Newnan and Lindale lines is given 
in the following table: 


Atlanta-Lindale Line: 

Total cost of right-of-way. 

Total cost of tower line. 

Total cost of overhead conductors and in¬ 
sulators, and cost of stringing. 


$ 429.87 per mile 
2571.46 

1282.72 


Total.... 

Atlanta-New nan Line: 

Total cost of right-of-way.... 

Total cost of tower line. 

Total cost of conductors and insulators and 
cost of stringing. 


$4284.05 

$ 838.61 
2120.51 

1728.78 


Total 


$4687.90 


Telephone Lines 

The power house at Tallulah is connected with the Boulevard 
station at Atlanta, and the latter station with those at Lindale 
and Newnan by a telephone line strung along the steel tower 
line 15 ft. below the power conductors. This is a two-wire 
line of No. 4 copper-clad steel wire, and was originally installed 
on pin type insulators mounted on steel pins which were in 
turn bolted to one of the lateral members of the steel tow-ers, 
and the transposition effected at every tower by means of long 
and short pins. It was found, however, soon after the power 
lines were put in operation, that the voltage to ground induced 
on the telephone line was so great that talking over the line 
was impossible, and that the insulation could not be main¬ 
tained intact, so 40,000-volt suspension type insulators were 
then substituted for the pin type, and the Tallulah-Atlanta line 
completely reinsulated as a matter of experiment. After this 
change was made it was possible to conduct certain tests on the 
line which showed that the induced voltage went as high as 
10,000 volts or perhaps much higher under certain conditions 
of operation of the power lines, but that this induced voltage 
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did not seriously interfere with the talking over the line so 
long as the insulation was maintained. The other telephone 
lines were then reinsulated, and as an additional factor of safety, 
two suspension units of a slightly different design substituted 
for the one unit. All these lines have been in successful opera¬ 
tion since this change. Drainage coils of ordinary 15-kw. 
transformers with the secondary coils open-circuited have been 
attached to the Tallulah-Atlanta line at both of these stations 
and also at Gainesville, a station about midway, and similar 
equipment installed at certain points on the other lines, to 
keep the induced voltage as low as possible. 

Telephone booths are provided along the lines every four 
miles, and the arrangement is such at these points that the 
telephone equipment is connected to the line through horn gap 
switches only while it is being actually used. One-to-one in¬ 
sulating transformers with enclosed fuses are also used as an 
extra protection to this equipment. Provisions are also made 
at each of the booths for sectionalizing the telephone lines, 
and connecting the equipment to either side of the break in 
testing it out. 

Considerable experimental information and advice was ob¬ 
tained when the line as originally constructed could not be made 
to operate satisfactorily, but nothing of any material value, was 
accomplished until the insulation problem had. been solved in 
the above described manner. The fact that all of the telephone 
lines had to be completely reinsulated accounts for the appar¬ 
ently high figures representing the unit cost of these lines as 
shown in the following table. 

Cost per Mile of Telephone Lines 


Tallulah Atlanta Atlanta 
Item: Atlanta Lindale Newnan 

Material. $299.59 $289.84 $370.63 

Equipment. 91.44 78.55 81.91 

Construction. 119.89 100.10 103.58 


Total... $510.92 $468.49 $556.12 


The Boulevard Substation 

The Boulevard substation, Fig. 27, so named because of 
the street on which it is located, is some two miles north of 
the main business district of the city of Atlanta, and is the 
largest station of its particular type which has yet been con¬ 
structed. It is used as the main distributing station for both 
high-tension and low-tension power for the Georgia Railway 
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& Power Company’s system, and is of the outdoor type, all 
high-tension structures, transformers and equipment being out 
of doors, only the low-tension switching equipment being in¬ 
side the building. It consists essentially of a steel frame ap¬ 
proximately 200 ft. square, and a two-story brick building con¬ 
taining the main operating room, and all low-tension equip¬ 
ment, in addition to several smaller buildings. 


1 10,000 INCOMING LINES 
FROM GAINESVILLE 



The steel framework is made up of steel towers similar in 
design to the regular transmission line towers and connected 
by latticed steel trusses of standard form. This frame is used 
for supporting the high-tension buses, disconnecting switches, 
and all high-tension wiring. The station is designed for an 
ultimate capacity of 60,000 kw., all of the equipment for this 
rating having already been installed with the exception of 30,000 
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kw. in power transformers and their control switches. The trans¬ 
formers now installed consist of three banks of three 3333- 
kv-a. transformers each, or 30,000 kw. 

The two incoming lines from Tallulah (see wiring diagram, 
Fig. 28,) are connected to the high-tension buses through re¬ 
mote control solenoid, operated oil switches of the outdoor 
type, mounted on concrete foundations immediately beneath 
the steel structure. Disconnecting switches are installed on 
both sides of the oil switches, and four-tank three-phase alumi- r 
num cell lightning arresters connected to the incoming lines 
through horn gap switches just before the lines enter the steel 
structures. Similar switching equipment is also provided be¬ 
tween the high-tension buses and the outgoing 110,000-volt 
lines to .Newnan and Lindale, and aluminum cell lightning 
arresters also connected to these lines just outside the steel 
framework. Provisions have been made in the foundations for 
the installation of two additional incoming lines, and one ad¬ 
ditional outgoing line to each of the stations mentionedm, aking 
a total of eight high-tension lines to be ultimately connected 
with this station, part of the steel work for supporting the 
additional incoming lines having not yet been erected. 

The high-tension bus is constructed of J-in. copper tubing, 
and is divided into two sections, which may be tied together 
and operated in parallel by means of an oil switch and discon¬ 
necting switches on either side. This bus is supported where 
it passes under the latticed steel trusses by disk type insulators 
of six units each, and between such points by standard catenary 
construction from a f~in. copper-clad messenger which is itself 
insulated from the steel framework by strain insulators of six 
units each. 

The transformers are arranged in banks of three each, on 
both sides of a walkway extending from the entrance to the 
main building, at one end of the steel framework, along the 
center line of this structure to the repair shop at the other end 
of the steel frames, there being provision for three banks in 
each row, Fig. 29. Running directly along the front of these 
two rows of transformers, between the transformers and the 
walkway referred to, are two transfer tracks of standard rail 
sections, along which the transformers may be carried to the 
repair shop at the far end of the steel frames by means of a truck 
provided for this purpose, the truck being of the proper height 
to permit of rolling the transformers from their foundations 
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directly on to the track. At the main building end of these 
two parallel tracks, are two turntables with a track connecting 
them, so that a transformer may be moved from one bank to 
another on the opposite side of the walkway. The track con¬ 
necting the two turntables is also extended some 75 or 100 feet 
to the main roadway so that equipment or material can be 



Fig. 29 

unloaded from wagons onto the track and then carried directly 
to the repair shop. 

The repair shop is approximately 28 by 42 ft., and constructed 
of high rib steel and cement plaster supported on the steel 
building frame, with two large steel curtain doors in the front 
side of sufficient size to permit of rolling the transformers on 
the truck directly into this shop. This shop is equipped with 
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a 10-ton steel crane for handling the transformers, oil filter presses, 
and storage tanks, as well as a small machine shop, so 
that all facilities for repairing transformers or other equipment 
are available, thus keeping the dirt and grease incident to such 
repairs away from the main substation building. 

The oil storage tanks are located in a pit inside the repair 
house several feet below the surface of the ground, so that the 
oil in any transformer may be drained into these tanks by 
gravity through a header which runs along the front of the 
transformer banks by simply opening the quick-opening valves 
which are installed between each transformer and this header. 


This provision was made so that any transformer could in case 
of fire or other accident be quickly drained of oil. Each trans¬ 
former is also connected with the oil filter presses through other 
tanks by a smaller system of piping so that the oil from any 
transformer may be removed and filtered and then returned 
to the transformer with the least trouble and expense. 


To furnish the water necessary for the cooling system m 
connection with the transformers, a number of wells were driven 
on the property at this station to a depth of some four or five 
h un dred feet, and two of these piped up, so that the water may 
be raised to catch basins at the tops of the wells by compressed 
air, and then allowed to flow into a large reservoir by gravity, 
the elevation of the water in the basins being maintained a 
few feet above that in the reservoir. The main reservoir con¬ 
sists of a concrete basin 61 ft. in diameter and 11 ft. deep, with 
side walls some 12 ft. thick. There is also erected on a steel 
tower at an elevation of 75 ft. above the water in this main 
reservoir, a steel storage tank of 50,000 gallons capacity, and 
the water pumped into this tank from the reservoir below by 
two vertical submerged centrifugal pumps. The water is then 
allowed to flow through the cooling system of the transformers 
by gravity back into the reservoir, except dunng the hot sum¬ 
mer months when it is considered advisable to admit this water 
to the waste after passing through the cooling system, that 
fresh cooler water may be pumped from the wells to the reser¬ 
voir and thence to the elevated tank. Provisions are also 
made whereby the water in the tank can be discharged into 
the reservoir or waste without going through the cooling system 
when for any reason such a procedure is necessary. 

Within the base of the steel tower supporting the storage 
tank, is built a small pump house similar m construction to 
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the repair shop, in which are housed the electric motors for 
operating the pumps and air compressor, the air compressor 
and air receiver tanks. 

The transformer equipment now installed in this station con¬ 
sists of single-phase, 3333-kv-a. shell-type, water-cooled units. 
The tanks are made of heavy boiler iron 8 ft. in diameter with 
cast iron covers, and measure 13 ft. 6 in. from the base to the 
top of the cover. The over-all dimensions from the base to the 
top of the high-tension leads is 16 ft., and the weight of one 
complete unit including the oil is approximately 25 tons. Each 
unit is supported on a small truck which rests on steel.rails 
fastened securely to the concrete foundation, and is so placed 
that it may be rolled from its regular position on to the transfer 
truck already referred to. 

The primary and secondary windings of these transformers 
are both provided with four 2| per cent taps, so that the second¬ 
ary voltage may be maintained at 11,000 volts with a 10 per 
cent variation in primary voltage above or below normal of 
110,000 volts. Based on a supply of 16 gallons of cooling 
water per minute, at 15 deg. cent., the temperature rise is 
guaranteed not to exceed 40 deg. cent., when operating under 
full load, or 55 deg. under continuous 25 per cent overload, 
provided the supply of cooling water is increased to 20 gallons 
per minute. 

The guaranteed efficiencies are as follows: 

1| Load. Pull load. J-Load. J-Load. i-Load. 

100 per cent power factor. 98.5 98.6 98.5 98.2 97.0 

80 per cent “ “ 98.1 98.2 98.1 97.5 96.2 

The regulation at 100 per cent power factor is guaranteed 
not to exceed 0.9 per cent, and at 80 per cent power factor 
4.4 per cent. 

The transformers were tested by being subjected to a po¬ 
tential of 220,000 volts for one minute between primary and 
secondary windings and core, and 22,000 volts between second¬ 
ary and core. A potential of 220,000 volts was also applied 
across the entire primary windings for five minutes. 

The transformers are connected to the high-tension buses 
through remote control oil switches and disconnecting switches, 
Fig. 28. The leads from the low-tension windings are carried 
to the rear of the banks to a delta bus made of copper tubing 
of large diameter supported on pipe framework, and thence 
down through large entrance bushings which set in specially 
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designed castings in the roof of the tunnels which parallel the 
two rows of transformers and lead into the basement of the main 
building. Alter these leads enter the tunnel they are carried 
on porcelain insulators along concrete shelves on the side walls 
to the basement of the low-tension building, thence up through 
the disconnecting switches in the bus compartments on the 
first floor of this building to the oil switches located at the tops 
of these compartments on the second floor of the building. 
The leads running along the shelves in the tunnel are constructed 
of 15/16-in. copper tubing to possess sufficient strength to be 
supported in the above described manner. The other terminals 
of the low-tension oil switches are connected to the 11,000- 
volt buses, which are located in the first floor of the main build¬ 
ing, and similar switches also installed between these buses 
and the outgoing feeders. 

The disconnecting switches on the high-tension frames out¬ 
side the building, have blades four feet in length, are of very 
rigid construction, supported by post type insulators of seven 
units from triangular steel trusses; they overhang at an angle 
from vertical to make their operation from ground easier for the 
operator. They are fitted with safety catches to prevent open¬ 
ing of their own accord, and also with specially designed sleet 
hoods to facilitate their operation during the winter months. 
All high-tension oil switches are of the remote control, solenoid- 
operated type, and with the exception of the high-tension bus 
tie switch, are automatic, being tripped by inverse time re¬ 
lays actuated from current transformers in the switch bushings. 

The lighting of the grounds at night is accomplished by 
incandescent lights fitted with specially designed reflectors so 
that no light is thrown above the reflectors onto the high-tension 
wiring, the idea being that defects in the insulation could be 
more easily detected under such conditions. 

The low-tension equipment is all installed in the main sub¬ 
station building. This building is of concrete substructure and 
red brick superstructure, two stories in height, not including 
the basement which is connected 'with the tunnels. It is 81 ft. 
long, approximately 26 ft. wide and 27 ft. high, inside dimen¬ 
sions. A wing 19 by 26 ft. also projects from the center of the 
building on the side opposite the high-tension structures, the 
Upper floor of which is used as the main control room, and con¬ 
tains the d-c. switchboard, motor-generators, telephone equip* 
jnent and dispatching office and main control board, This room 
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is fitted with steel sash on the three sides facing the high-ten¬ 
sion structures, and because of its location, affords the operator 
an excellent view of all high-tension equipment and wiring. 
The lower floor of this wing is used for the main entrance to the 
building, the battery room, toilets, lavoratories, etc. 

The lower floor of the main part of the building is devoted 
entirely to the switch and bus structures, which are of enclosed 
constructions, made of pressed brick and alberene stone. On 
the second floor are installed all low-tension oil switches and 
station lighting equipment. 

There are four sets of 11,000-volt busbars which are normally 
tied together so as to form only two sets resembling a double 
U, and the outgoing feeders are connected through an oil switch 
to either of these buses by means of double disconnecting 
switches. A set of four-tank, three-phase aluminum cell, 
11,000-volt, lightning arresters is installed at each end of this 
floor, and connected to the two 11,000-volt buses. 

All low-tension oil switches between the low-tension bus and 
the transformers are 15,000-volt, 500-ampere, remote control, 
mo tor-operated type, provided with definite time limit relays, 
while the switches in the outgoing feeders are of the same type 
but of only 300-ampere capacity. These switches are all 
operated from the main control board, but are fitted with four- 
pole switches on the motors which may be opened so that they 
cannot be operated from the control board, permitting repairs 
to the switch without fear on the part of the repairman that the 
switch will be closed. 

The low-tension equipment of this station also includes a 
30-kw. bank of 11,000/220-110-volt transformers and a 75-kw. 
bank of 11,000/440-volt transformers for supplying the energy 
used in the lighting, motors, pumps, motor-generators, and 
other station service; also two 10-kw. motor-generators and one 
40-ampere-hour storage batter} 7- . 

The main control board is of the ordinary bench board type 
with the pull-buttons, mimic buses, lamps, receptacles, etc., 
located on the bench, and all instruments, relays, etc., on the 
vertical boards. All oil switches operated from this board are 
fitted with d-c. trip coils and the power required in their opera¬ 
tion drawn from the storage battery, so that any interruption 
to the high-voltage service will not interfere with the operation 
of these switches. The motor-generators are used in charging 
the battery. 
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Provisions have been made in this station for six overhead 
outgoing 11,000-volt lines, and nine underground, all of which 
„ have not yet been installed. Each of the outgoing overhead 
lines is equipped with electrolytic arresters, which are located 
outside the main building between this building and the dead¬ 
ending 'structure for these lines, and the connections made 
to the arresters by an inverted hair pin with a strain insulator 
between the points. 



The total cost of this station is shown in the following unit 
figures: 


Substructure. 0.357 per kw. 

Superstructure. 0.961 

High-tension steel frames. 0.841 

Total electrical equipment. 3.783 

Water supply system. 0.317 


Total. 6.259 


The item total equipment includes both electrical, miscel¬ 
laneous and substation equipment, for the ultimate capacity 
of the station 60,000 kw. Most of this equipment, with the 
exception of one-half the ultimate transformer capacity, has 
already been installed. The above figures were secured by 
adding to the present known cost of installed equipment an 
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additional amount to cover what has not been installed, and 
therefore represent the cost of the completed substation. 

Other Substations 

In addition to the Boulevard station at Atlanta, substations 
have also been installed at Gainesville, Newnan, Marietta, 
Cartersville and Lindale, and high-tension frames at East 
Point, Fairburn and Aragon, Figs. 30 and 31, so that similar 
stations may be installed at these places when the demand for 
power at these places justifies the step. 

These stations are all almost identical in design, and very 
similar in general features to the station at Atlanta, so that a 
brief description of these various stations as a whole is con¬ 
sidered sufficient for the purpose of this article. 

The high-tension frames cover an area about 70 by 85 ft., 
and the substation buildings are constructed of concrete and 
brick, one story in height and approximately 40 by 22 ft. by 
25 ft. high, inside dimensions. 

The ground wires from the tower lines are connected with the 
towers in the steel framework, and the 110,000-volt lines con¬ 
nected to the high-tension buses strung under these steel frames 
through three-pole bolt type disconnecting switches, operated 
from the ground by means of a long shaft. These switches are 
not intended to be opened under load, but simply as section- 
alizing or disconnecting switches, although it was supposed 
when they were installed that there would be no difficulty in 
breaking the charging current of the lines and transformers with 
them. For both electrical and mechanical reasons, however, 
they have never been satisfactory, and arrangements have been 
made whereby all such switches are to be replaced with a more 
modem type of air-break switch. 

The transformers are connected to the high-tension buses 
through hand-operated automatic type oil switches, which are 
installed beneath the high-tension structures on concrete 
foundations and protected to some extent from the weather by 
a corrugated sheet steel covering of very simple design. The 
low-tension transformer leads are connected to the delta buses 
strung between the steel towers, and the connections from these 
buses to the oil switches inside the station building* made as 
overhead lines, passing through openings in the side walls of the 
buildings provided for this purpose. The low-tension equip¬ 
ment consists of 15,000-volt hand-operated oil switches installed 
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in the transformer secondaries and each of the outgoing feeders, 
a 15-kw. 11,000/220-110 volt transformer bank for station and 
lighting service, and the switchboard containing the instru¬ 
ments, meters, etc. Each of the high-tension lines is equipped 
with aluminum cell lightning arresters, choke coils and horn 
gap switches, just as at the Atlanta station. The transformers 
are connected with the oil filter press and storage tank which 
is buried in the yard outside by a system very similar to that 
at the Atlanta station, although naturally much less elaborate. 

The present and ultimate capacity of the transformer equip¬ 
ment at each of these stations is given in the following table: 


Station Present Ultimate 

Gainesville. 1,500 kw. 3,000 kw. 

Newnan. 3,000 6,000 

Cartersville. 3,000 6,000 

Marietta. 3,000 6,000 

Lindale. 6,000 9,000 


The transformers at all of the stations are self-cooled, single¬ 
phase, oil-insulated type, and guaranteed to operate under full 
load continuously with not more than 40 deg. cent, temperature 
rise or 55 deg. at 25 per cent continuous overload. 

The transformers at the Gainesville station are w^ound for 
110,000 volts primary and 11,000 volts secondary, and are 
equipped with four 2 \ per cent taps on both windings. 

The transformers at the other stations are wound for 110,000 
or 55,000 volts on the high-tension side, and 22,000 or 11,000 
volts on the secondary. These various windings are fitted with 
the following taps: 

110,000-volt.Pour 2§ per cent 

55,000 “ .. ..Two 5 per cent 

22,000 “ .Eight 1J per cent 

11,000 “ .Four 2| per cent 


The average unit costs of the typical small substations is 
given in the following figures: 


Substructure. 0.222 per kw. 

Superstructure. 1 • 942 

High-tension steel frames. 1.316 

Equipment. 8.128 


$11,608 


General 

It must be borne in mind that the foregoing costs do not in¬ 
clude land or property accounts, with the exception that a 
typical right-of-way per mile figure is given in the transmission 
line expenses. These figures only include the actual con- 
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struction expenses and the inspection given any particular 
piece of work. The general engineering expenses are not in¬ 
cluded, nor are various other general items incident to con¬ 
struction cost as a whole. 

.The following table gives the percentage relation of various 
expenses on the development as a whole, which might be applic¬ 
able to any other development, and therefore does not include 
the cost of land or property expense: 


General construction expenditure. 75.575 per cent 

General engineering expense. 3.078 

General legal expense. 1.891 

Interest, bonds and advances during con¬ 
struction. 11.315 

General overhead expense. 1.773 

General contract expense. 6.368 


Total.100. 


As was the case with the transmission lines and substations, 
the power plant was operated under the construction depart¬ 
ment for about one year and the cost of making changes or 
adjustments, but not the actual operation expense, is included 
in these figures. The cost, therefore, represents the plant in 
as perfect an operating condition as contemplated by the design. 
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Discussion on “ Construction Elements of the Tallulah 
Falls Development” (Adsit and Hammond), Philadel¬ 
phia, Pa., October 11, 1915. 

A. J. Porskievies: I ask Mr. Adsit to tell us what type of 
rotor the generator has, and also whether there is any reactance 
protection from short circuit, and whether the generators are 
operated with the grounded neutral; and finally, whether the 
efficiency of 95| per cent on the generator includes friction. 

A. S. Loizeaux: I would like to have the author explain the 
operation of the operating flashboard as detailed in Fig. 8. 

A. J. Porskievies: It is a very extended transmission system 
in a country noted for thunderstorms and I would be glad to 
have the author tell us about lightning troubles. 

C. G. Adsit: I rather think this is a stronger rotor than is 
usually used with vertical steam turbines. The rotor is built 
of solid steel disks with the pole pieces dovetailed thereto. The 
pole pieces in addition to this support have steel end rings which 
are bolted to the outer end to sustain the winding. The rotor 
is also provided with fans on each end to promote a circulation 
of about 35,000 cu. ft. of air per min. It is my understanding 
that the efficiency of 96 per cent includes all friction and the 
blowing of air for the generator ventilation. 

C. O. Lens: The flashboards used on the crest of the intake 
dam and also on the crest of the storage dam, are a type which 
has been used extensively in Switzerland. It consists of a 
board hinged at the bottom, which is fastened to the crest of the 
dam; at the upper end of this flashboard cables are attached. 
These cables in turn are connected to grooved winding drums, 
these winding drums being a counterweight to the pressure which 
is back of the board. The board, if mathematically worked out, 
it will be seen, requires about equal inertia in any position to 
move one way or the other, depending on the true balance condi¬ 
tion that may exist and so forth. So it is a movement depend¬ 
ing on which predominates, whether it is the water pressure or 
the dead weight of the rolling weight. This rolling weight runs 
up a toothed rack, and its form is such that it requires practically 
the same inertia to move in whatever position it is in. These 
boards have been in operation in countries where they have 
been subjected to ice, although there may be some question 
whether they would be satisfactory in releasing heavy ice 
over the top or not. In this particular case, we considered 
that there would be no real objection for there would .be 
no ice present. So there is really nothing but a moving, rolling 
weight against the hydrostatic pressure back of the board. 

Mr. Biglow: Is there any trouble with trash coming down? 

C. O. Lens: No, they have found very little trash accumu¬ 
lates and there is no trouble with it on the racks. Even the 
amount that flows on the surface is not of very great moment. 




2440 


HYDROELECTRIC CONSTRUCTION 


[Oct. 11 


A reservoir dam is back of the intake dam, and it accumulates 
there, unless the floods take it over. 

Mr. Biglow: I have seen a good deal of it on the Chocto- 
hachee. 

C. O. Lens: No, there would not be much, because the back 
ridge is pretty heavily wooded and timbered and the reservoir 
back of the storage dam, as well as the reservoir of the intake 
dam, was particularly well cleared. It was not only detimbered, 
but practically everything was cleared off so there is very little 
trouble from foreign matter carried over the dam. 

Geo. A. Hoadley: I have been interested in the comparison 
between two of the expenses mentioned in the last table. This 
appears to be a work in which the engineering operation is the 
larger element, but I have been considerably surprised in no¬ 
ticing that the general engineering expense is but $3.07, while 
the general legal expense is $1.89, considerably more than 
one-half of the general engineering expense. Now is there any 
particular explanation of that? That is, does it include any¬ 
thing more than the searching of titles and such legal work? 

C. G. Ad sit: This item of legal expense does not include any 
abnormal charges. It is my belief and experience that 1.7 
per cent for legal expense is low rather than high. I think on 
ork as large as this and especially water power work involving 
various water rights and transmission lines involving the con¬ 
demning of property, that you usually find as many lawyers as 
you do engineers in connection with the development. 

There was one question regarding reactance. We have no 
special reactance in the generating station of Tallulah Falls 
beyond that in the generators themselves. That is, no external 
reactance to limit the current on short circuit. The high-tension 
side of the transformer installation is connected in star with the 
neutral grounded. In case the transmission line conductors 
are grounded there is a resistance provided between the ground 
connection and the transformer neutral which is intended to 
limit short-circuit current. We have had only one instance, 
so far as we know, where the transmission lines have fallen and 
that was on a connected system and not. on our own. The only 
evidence at that time that anything unusual had taken place 
was the indication of fluctuating load on the generators and the 
heating up of this ground resistance. Otherwise we would not 
have known that a short -circuit had occurred. We did not see 
the necessity of external reactance in this installation unless the 
short circuit occurred on the low-tension conductors. We are 
protected against this occurrence as nearly as possible with the 
proper construction without the use of reactance. There has been 
but one short circuit on the low-tension conductors and that be¬ 
tween conductor and ground, which was caused by rats standing 
on the pipe supports and reaching the conductors. What the 
magnitude of this short circuit was we do not know, except that it 
seriously burned the switch cell structure. 
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Harold Pender: What about lightning? 

C. G. Adsit: Yes, something was said about lightning troubles. 
We have not had any serious lightning troubles of any nature. 
While we have not been entirely free of lightning disturbances 
'the shut-down sdue to this cause have been very few and it has 
been uncertain as to whether these shut-downs were due to 
lightning or other disturbances. 

R. B. Owens: Are your arresters at the receiving end only, or 
where are they? 

C. G. Adsit: At both ends and in the center of the trans¬ 
mission lines. 

R. B. Owens: How did you determine that was the best place 
for them? 

C. G. Adsit: It was the convenient place rather than the 
best place. 

R. B. Owens: You charged them every day? 

G. G. Adsit: Every night when the load is light we charge 
the arresters at each location. 

R. B. Owens: What has been your experience with the out¬ 
door type of high-tension switch? 

C. G. Adsit: Well, we are'changing them all now. I might 
say to that question that, we have made a_ great many experi¬ 
ments on outdoor switches in connection with this transmission 
line. We find that the various types of outdoor switches had 
no trouble in opening the energy current, but they would not 
open the charging current of the line. 

Lars Jorgensen: The figures given seem to be reasonable 
and about what could be expected for the character of work done. 
There is possibly one exception, that of the diverting dam. For 
this the authors state that the cost was about $3.70 per 
cubic yard in place. For the mix given, the cement will cost 
$1.40, taking into account that only two-thirds of a yard 
of actual concrete is needed per unit volume of structure, 
the remaining one-third being rock thrown in after pouring. 
This leaves $2.30 per yard for rolling sand, mixing concrete, 
construction plant, the rock portion, etc. Some of the rock 
excavated from the foundation and for which the contractor 
was paid $1.50 per yard can possibly be used for plumstones, 
but much more would undoubtedly have to be quarried for the 
purpose, therefore the price given seems exceptionally low and 
the work must have been done in a very economical manner. 
Thirty-four per cent of 11 plums in a dam is a large percentage, 
and it has undoubtedly required some hand placing to get this 
large percentage in. The fact that the dam has cracked but 
little is probably due to the presence of this large percentage of 
plumstones, and to the fairly slow progress made (1000 yards per 
week), and because the dam was mostly built during the winter. 
The slight curvature given the dam could not be expected to 
keep down any tendency to develop cracks which might exist. 

The paper does not give any information as to the saving 
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THE REPULSION-START INDUCTION MOTOR 


BY JAMES L. HAMILTON 
Abstract of Paper 

The repulsion-start induction motor for single-phase current 
has come into considerable prominence during the last 10 or 15 
years, as is fully attested by the large number of motors of this 
type now in operation, and by the increasing demand and pro¬ 
duction. While there is considerable literature available on 
the subject of repulsion motors, both compensated and non- 
compensated, and on induction motors, there is comparatively 
little information available on the repulsion-start induction 
motor, which is really a combination of two distinct types of 
motors. 

The objects of this paper are: 

1. To set forth the general characteristics of this type of 
motor and compare them with similar characteristics of direct- 
current motors and other alternating-current motors. 

2. To outline a definite and commercially practicable method 
of studying the electrical design of existing motors and of pre¬ 
determining the electrical design of new or proposed motors. 

3. To discuss the mechanical design and construction. 

k 1 —General 

T HE REPULSION-start induction motor may be described 
briefly as consisting of a field or stator of laminated 
toothed construction having a single winding, usually of the 
pyramidal type, wound thereon and connected to the supply 
circuit; a progressively wound armature or rotor with a com¬ 
mutator and having brushes which bear on the commutator 
during the starting period, the brushes being removed from 
the commutator and the armature winding short-circuited 
through the commutator after the armature has attained 
sufficient speed. 

This type of motor therefore starts as a simple repulsion 
motor without compensating or auxiliary windings and operates 
as a simple repulsion motor until a predetermined speed has 
been attained, at which time the armature winding is short- 
circuited through the commutator and the brushes lifted. The 
motor then operates as a simple induction motor with an 
armature equivalent to the squirrel cage armature. 
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The straight repulsion motor without compensation gives 
the most efficient starting torque possible and the single-phase 
induction motor with the squirrel cage armature or its equiv¬ 
alent' gives the simplest and most efficient motor when running, 
hence the rapid development of this type of motor with its 
desirable characteristics throughout. 

The discovery that a single-phase motor with armature, 
commutator and brushes as described above would start and 
operate without any electrical connection to the armature was 
made by Elihu Thomson, and the experiments leading up to 
this discovery are described by him in the United States Patent 
No. 363,185 issued to him May 17, 1887, and later patents 
issued in that year and following years to Thomson and others. 



ated on the repulsion principle by short-circuiting a number of 
coils in favorable position with regard to the field magnetism by a 
comparatively wide brush, as is shown in Fig. 1. This plan, 
as is well known, has the disadvantage of using a part of the 
armature coils only at any instant. It was soon discovered, 
however,, that the entire armature winding could be used to 
advantage by employing comparatively narrow brushes and by 
connecting these brushes together as shown in Fig. 2. 

It may be observed by referring to Figs. 1 and 2, the direc¬ 
tion of rotation will be different in the two types of motors 
and that the coils short-circuited by the brushes as shown in 
Fig. 2, exert a torque opposite from the direction of the torque 
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of the armature as a whole, and therefore the number of coils 
short-circuited in practise is kept to a minimum by using a 
comparatively large number of commutator segments and 
narrow brushes. 

Objection has been raised to the term “ repulsion ” as apply¬ 
ing to this type of motor. The word “ repulsion ” motor will 
be used here, however, as it is a well-known term and engineers 
in general understand that the fundamental principles causing 
torque in this type of motor are the same as in all types of direct- 
current or alternating-current motors; that is, that a current 
in a wire at right angles to and situated in a magnetic field tends 
to move out of that field, the direction of motion being well 
known when the direction of the magnetic field and the direc¬ 
tion of the current in the wire are known. 

Little was done on the repulsion type of motor in a com¬ 
mercial way for several years after these fundamental patents 
were granted, due to the limited demand for alternating-current 
power motors and due more particularly to the fact that about 
the date of these fundamental patents on repulsion motors, 
it was discovered and patents were granted showing that a 
single-phase motor having a squirrel cage armature could be 
started by a double winding on the field which gave a form of 
rotating field. This type of motor is now the well known split- 
phase alternating-current motor. This latter type. of motor 
without the auxiliary winding is the kind of induction motor 
which we have in the type of motor under discussion when it 
is up to speed. 

Most engineers in this country and abroad, as is shown by 
the electrical literature following the dates of these funda¬ 
mental repulsion patents, considered the split-phase motor with 
its substantial armature better and more satisfactory as a basis 
for developing a single-phase power motor. 

During the period of 1894 to 1900 the demand for a prac¬ 
ticable single-phase power motor having good starting torque 
and efficiency, and at the same time good running torque and 
efficiency, caused some of the engineers in this country to take 
up actively the question of developing a commercially satis¬ 
factory single-phase motor. They realized that the repulsion 
motor had the starting characteristics so much desired and 
that the single-phase induction motor with the squirrel cage 
armature or its equivalent possessed the desirable running 
characteristics, that is, a definite limiting or synchronous speed 
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however, it is quite usual to use a resistance or compensator 
starter for sizes of 7\ h.p. and larger, so as to cause a minimum 
of line disturbance. 

TABLE i 


Kind of motor. 

Starting tor¬ 
que in per 
cent of full 
load torque. 

Starting cur¬ 
rent in per 
cent of full¬ 
load current 

Per cent full 
load torque 
for full load 
current 

Maximum 
pulling 
torque in per 
cent of full¬ 
load torque.' 

Small d-c. comp, witho'ut 
starter. £ h.p. and smaller. 

350 

450 

78 

275 

Small d-c. shunt without starter. 
£h.p. and smaller. 

250 

450 

55 

200 

Large d-c. comp, with starter, 
a h.p. and larger. 

200 

170 

118 

300 

Large d.c. shunt with starter. 
2 h.p. and larger. 

180 

170 

106 

225 

Small two- and three-phase 
squirrel cage ind. motors with¬ 
out starter. £ h.p. and smaller.. 

215 

475 

45 

225 

Two- and three-phase squirrel 
cage ind. motors without starter. 
£ h.p. and larger. 

225 

550 

41 

225 

Two- and three-phase wound 
rotor ind. motors with resistance 
in rotor for starting. 5 h.p. and 
up. 

150 

150 

100 

225 

Single-phase ind. motor split 
phase start, up to £ h.p. 

220 

500 

44 

225 

Single-phase ind. motor with 
clutch and with hand or auto¬ 
matic start, for cutting res. and 
reactance in and out of circuit,— 
up to 15 h.p. 

140 

250 

56 

150 

Single-phase strongly compen¬ 
sated repulsion motor up to 15 
h.p. 

225 

500 

50 

275 

Single-phase weakly compen¬ 
sated repulsion motor up to 1 h.p 

360 

270 

133 

300 

Single-phase repulsion start 
ind. motors 1/10 to £ h.p. inc.. .. 

450 

260 

175 

225 

Single-phase repulsion start 
ind. motors, £ h.p. and larger.. .. 

335 

270 

125 

175 

Single-phase repulsion start 
ind. motor, 7£ h.p. and larger 
with resistance starter. 

100 

170 

60 

175 

Single-phase repulsion start 
ind. motor 7£ h.p. and larger, 
with compensator starter. 

100 

100 

100 

175 


With a resistance type of starter this motor causes a little 
greater line disturbance, and with a starting compensator causes 
substantially the same line disturbance as does a direct-current 
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motor with a starter. This type of motor like the direct-current 
motor in all sizes will bring up to speed promptly a load from 
125 to 150 per cent of full-load torque. 

Weight, size and cost. The weight and size of the repulsion 
start induction motors are substantially the same as for direct- 
current and other types of alternating-current motors. There 
are considerable differences in the weights and sizes of any 
two lines of the same kind of motors due to different manu¬ 
facturers emphasizing certain features of design, such as staunch¬ 
ness in one case and lightness and compactness in another case. 
The cost of this motor is not materially different from the cost 
of a similar size and construction of direct-current motors or 
other types of alternating-current motors. The installation 
cost of a multiphase motor of a given capacity is substantially 
greater than that of a repulsion start induction motor of the 
same size on account of the increased line construction, the 
multiphase motors requiring at least three wires, and on account 
of increased transformer cost which will average about 30 per 
cent greater than the transformer cost for the single-phase 
repulsion start motor. The transformer losses will be about 
25 per cent greater for the multiphase installation than for the 
repulsion start induction motor installation. 

Lse and field of application. This'motor, possessing as it 
does high starting torque characteristics, is well adapted for 
operating such apparatus as requires large starting torque, 
that is, pumps starting under full head, air compressors start¬ 
ing under a m aximum pressure, rock crushers which are equipped 
with the necessary flywheel, baker’s machinery where the tub 
is full of dough ready for final mixing, meat choppers, coffee 
mills which have been stopped with the burrs full of coffee, etc. 
These motors, because of their not requiring a starter, are well 
suited for operating vacuum cleaners, pumps which are con¬ 
trolled automatically, sewerage disposal pumps; and are in 
extensive use for the operation of organ blowers, and heating 
and ventilating apparatus, because they can be started from a 
distance and because they start quickly, and the brushes being 
removed from the commutator after attaining speed makes it 
possible to produce exceedingly quiet and smooth operating 
motors of this type. 

The central stations are objecting more and more to the split- 
phase motors on their circuits on account of the large starting 
current, even in sizes of \ h.p. and smaller. 
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As the result of the demand for small fractional horse power 
motors which may be operated on all lighting circuits with no 
inconvenience to the lighting service, repulsion start induction 
motors have recently been developed and are now on the market 
in all sizes down to 1/10 h.p. and are rapidly replacing the 
split-phase motor for operating small coffee mills, meat choppers, 
house pumps, etc. 

The field for the application of this type of motor is therefore 
almost unlimited, and it is being used extensively not only in 



Fig. 3 Performance Curves— 5~h.p.—208- Volt— -60- Cycle Motor 

this country but in practically all foreign countries where 
alternating-current systems of distribution are used. 

2—Electrical Design 

Analysis of b-h.p., 104/208 -volt, four-pole , 1750-ra>. per min., 
60 -cycle motor. In analyzing an existing motor it is well to 
make an accurate load test if practicable to check the calcula¬ 
tions, taking sufficient readings to be sure of the performance. 
A running idle magnetization test should be made, beginning 
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Motor Data 

48 field slots; 61 armature slots. 

Field winding 4| coils per pole of 22 turns of No. 11 wire 
in each coil, connected in series parallel on 208 volts. 
Resistance of field on 208 volts = 0.287 ohms. 

Armature winding 122 coils of 3 turns of No. 12 wire in each 
coil. 

Diameter of field punching = 13 in. 

Bore of field punching = 8| in. 

Net amount of iron = 5 X 0.95 = 4.75 in. 

Single air gap = 0.035 in. 



Winding Constant Calculations. 


Central or 1st coil 1 X18 = 18 
2nd “ 1 X25 = 25 
3rd “ 1 X30 = 30 
4th “ 1 X33 = 33 
Outside | coil | X34 = 17 

123 


Winding constant = 


123 

4|X 34 


0.805 


The voltage on each pole is 104. 

The number of turns on each pole is 4| X 22 = 99 


Flux per pole = 


104 X10 8 

4.44X60X99X0.805 


490,000 lines 


.Flux in central field tooth = ~ X 490,000 = 65,000 

The above winding constant calculation, it will be.observed, 
is based on the theory that the magnetic flux in the various 
teeth is proportional to the ampere turns surrounding those 
teeth. If we assume a sinusoidal flux distribution and de¬ 
termine the winding constant by integration we will get a wind¬ 
ing constant of 0.786 in this case, and flux per pole and flux 
in central tooth of approximately the same values as were 
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obtained above. The writer has found this method of getting 
the winding constant very simple and reliable. 


MAGNETIC CIRCUIT CALCULATIONS 


Section 

Width 

in 

inches 

Length 

in 

inches 

Area 
in sq. 
inches 

Flux 

Density 

Length 

of 

circuit 

Amp. 

turns 

per 

inch 

Amp. 

turns 

Field teeth. 

3/16-Min. 

1/4 -Aver. 

1-1/4 

7/64-Min. 

9/64-Aver. 

1-5/16 

4.75 

0.89 

65000 

73000 

2-3/16 

3-1/2 

8 

Field yoke. 

4.75 

4.75 

1.07 

5.94 

65000 

245000 

60600 

41300 

9.24 

22 

20 

Arm. teeth. 

4.75 

0.52. 

51200* 

98500 

1-3/4 

19.5 

34 

Arm. yoke. 

4.75 

4.75 

0.668 

6.24 

51200* 

245000 

76700 

39300 

4.25 

2.0 

8.5 

Air gap per tooth.. . 

15/32 

5 

2.34 

65000 

27800 

0.070 


609.0t 


Total 679.5 


*Flux per armature tooth --X flux per field tooth — X 65,000 — 51,200 

arm. slots 61 

f Ampere-turns absorbed in air gaps = 0.313 X 27,800 X 0.035 X 2 = 609 


The magnetizing current required to produce this flux is 

679 ~ X 0.707 = 2.43 amperes. 

2 X 99 


Since there are two parallel circuits through the field we 
have 2 X 2.43 = 4.86 amperes magnetizing current for main 
field. 

In a single-phase induction motor the cross field magnetizing 
current (corresponding to the magnetizing current in phase 2 of a 
two-phase motor) is also carried by the one winding, and in a 
motor of this size the cross field can be assumed to be 95 per 
cent of the strength of the main field. We have for total mag¬ 
netizing current on 208 volts 

4.86 X 1.95 = 9.48 amperes, 

which checks substantially with the magnetizing current of 
9.25 amperes observed on this motor. 

The strength of the cross field of the single-phase induction 
motor may be determined by placing exploring coils in position 
corresponding to position of phase 2 of a two-phase motor and in 
this way it will be found that when the motor is running idle 
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the cross flux will be about 90 per cent of the main flux for §-h.p. 
motor and about 95 per cent for 5-h.p. motor, and less than 90 
per cent for motors smaller than \ h.p. and greater than 95 per 
cent for motors larger than 5 h.p. 

As the air gap reluctance is always a very large percentage of 
the total reluctance of the magnetic circuit it is well to exercise 
considerable care in determining the effective area of air gap 
per field tooth and also the length of the air gap or clearance. 
Experience shows that the effective width of the air gap per tooth 
is obtained very closely for partially closed slots in field and.arma- 
ture when 35 to 40 per cent of one field slot opening is added to 
the actual width of the field tooth at air gap. The dimension 
15/32 in. of width of air gap per tooth given above was obtained 
by adding 37.5 per cent of one slot opening to width of iron of one 
tooth at air gap. The length of the air gap per tooth along the 
shaft should be the gross length of iron in motor exclusive of 
ventilating ducts. 

Circle diagram and calculation of performance. The data for 
getting the armature resistance and the running idle and blocked 
points for a circle diagram are taken from the idle magnetization 
curves Fig. 4 at 208 volts and the blocked magnetization curves 
Fig. 5 at 208 volts, and are calculated as follows: 



Watts 

Volts 

Amps. 

Cos 4> 

V*# 

^s 2 Rs 

Res. of 
arm. in 
ohms 

Power 

com¬ 

ponent 

Idle. 

310 

208 

9.25 

16.1 

24.5 

12.5 


1.49 

37. 

Blocked. 

7720 

208 

94.5 

39.2 

2560 

5160 

0.577 



The circle diagram can now be constructed. 

The running idle point of the circle diagram is therefore on an 
arc of 9.25 amperes and at a height of 1.49 amperes. The blocked 
point is on an arc of 94.5 amperes and at a height of 37 amperes. 
The circle can now be drawn, the center being on a horizontal 
line passing through the running idle point and the circle pass¬ 
ing through both the running idle point and the blocked point 
as shown in Fig. 6. 

The armature resistance now being known, the various losses 
of the motor running idle can be separated and plotted as is 
shown in Fig. 4. The extension of the observed watt curve to 
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zero voltage gives the friction and windage losses. In calcula¬ 
ting the armature or secondary copper loss one-half of the primary 
current for that voltage is used, for, as we have previously stated, 
the current in the armature running idle is the cross magnetiz¬ 
ing current and is therefore approximately one-half of the total 
field or primary current. The loss remaining after the other losses 
are subtracted from the observed loss gives what we will call 
“ added J? iron loss. This subject of “ added ” iron loss is of 
sufficient importance to be given separate consideration which 
will be-done later on in this paper. 

The free magnetization curves with the losses separated, Fig. 4, 
gives one at a glance the various losses in the motor running 
idle at different voltages on the motor, and therefore the action 
of the motor with different strengths of windings. Lines showing 



Fig. 6 —Circle Diagram—5-h.p., 208-Volt, 60-Cycle Motor 


the densities of different parts of the magnetic circuit may be 
drawn on this free magnetization curve if desired. 

We may now proceed to calculate the complete performance 
of this motor as follows: 

Columns 1, 2 and 3, as indicated, are taken from the current 
locus or circle diagram of the motor in the usual way, it being 
remembered that the secondary current is to be taken or measured 
from the point half way between the origin and the running idle 
point. 

The item 273 at head of column 7 is the sum of the iron losses 
(transformer and “added”) 129 watts and the friction and wind¬ 
age loss of 144 watts. 

Item 12.5 at the heading of column 12 is the copper loss in 
armature running idle. 
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The calculated performance curves can now be plotted on the 
curve sheet Fig. 3 with the points which were plotted from the 
observed load test. The observed and the calculated perform¬ 
ance check sufficiently close for all practical purposes and any 
slight differences are due among other things to the difficulty 
of observing with precision the performance of a motor by loading, 
and due to it being almost impossible to eliminate changing 
temperature conditions which affect the performance to a con¬ 
siderable extent. 

We now know the performance at various loads and the 
various losses in the motor at those loads with as great an ac¬ 
curacy as is consistent with the nature of the problem. 

Iron Loss Calculations 


The iron loss calculation is given below. 


Field Teeth 

Field Yoke 

Total 

calc. 

loss 

Per 

cent 

added 

Total 

observed 

loss 

Weight 

Loss 
per lb. 

Loss 

Weight 

Loss 
per lb. 

Loss 

18.7 

1.75 

32.7 

65.6 

0.68 

45 

77.7 

66 

129 


The weight of the field teeth and the weight of the field yoke 
can be obtained with sufficient accuracy by calculating the 
volume of iron in teeth and yoke, and knowing the magnetic 
densities in these parts, and taking the loss per lb. from a loss 
curve of the iron used, we get the total calculated or transformer 
iron loss of 77.7. The total observed loss is taken from the idle 
magnetization curves. This loss was found to be 129 watts, 
which is 66 per cent more than the transformer loss for this motor 
and we have called it “ added ” iron loss. 

Added ” iron loss is a very profitable and interesting phenom¬ 
enon for study but we can only touch on this subject here. The 
principal cause of the added iron loss seems to be the high fre¬ 
quency ripples in the magnetic flux caused by armature teeth 
and gaps sweeping by the field teeth and gaps. The fundamental 
frequency of these ripples can be calculated as follows: For the 
motor under discussion when running at synchronous speed 
we have 1800 rev. per min. -r- by 60 the number of cycles = 30 
rev. per sec. ' Since there is a complete change of conditions for 
each 1/61 of the armature rotation, the frequency of these 
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changes = 61 X 30 = 1830 cycles per second or 30.5 times 
supplied frequency. This very high frequency ripple in the mag¬ 
netism will cause considerable 11 added ” iron loss even if the 
combination of field slots and armature slots and the shape of 
tooth tips, slot openings and surface of armature and field 
bore are correctly designed and made, but if some or all of 
these conditions are bad very high “ added ” iron loss will result. 

It has been the writer’s experience that well-proportioned 60- 
cycle induction motors, single-phase or multiphase, wound or 
squirrel cage armatures w T ill have from 25 to 100 per cent 
“ added ” iron loss, and poorly designed motors may have up 
to 250 per cent and even higher “ added ” iron loss. Con¬ 
siderable care should therefore be exercised to keep the chance 
for appreciable ripples in the magnetism to a minimum. 

When calculating the transformer iron loss of this motor, as 
may be observed from above data, no account has been taken 
of iron loss in the armature. There is a "theory of single-phase 
motors which deals with the motor as though there were two 
revolving fields in the armature, which, when the motor is run¬ 
ning at synchronous speed, causes a double frequency in the 
armature. 

To determine in just what respect, if any, the iron losses of 
a single-phase motor differ from those of a two-phase motor, 
the following results were observed. A two-phase motor hav¬ 
ing ball bearings to reduce the friction to a minimum and to 
maintain the friction loss constant was wound with a pyramidal 
winding for each phase, which gave the same magnetic flux 
distribution whether the motor was operating on one or both 
phases. This motor was tested and the performance and the 
losses completely analyzed. The total iron losses for the motor 
operating as a single-phase motor were found to be substantially 
and for all practical purposes the same as when operating as a 
two-phase motor, the total iron loss being from 1 to 2 per cent 
higher for all magnetic densities on two-phase than on single¬ 
phase. 

We may therefore conclude that the iron losses in a multi¬ 
phase and in a single-phase motor are the same for all practical 
purposes when the magnetic densities are the same, and that 
there are practically no transformer losses in the armature in 
either type of motor when running idle, as the rotating mag¬ 
netism and the armature are almost in step. There is, however, 
an “ added ” iron loss in the armature as in the field, and due 
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to the same causes. All of the “ added ” iron losses (field and 
armature) are therefore included in the term “ added ” iron loss. 

Circle coefficie?it calculations. The circle coefficient and maxi¬ 
mum power factor of this motor may be calculated from the 
physical dimensions of the electrical design by Behn-Eschen- 
burg’s empirical formula as follows: 

3 10 A C 5A 

a ~X 2+ XYT + Li 

a = circle coefficient 

X = the mean number of slots per pole in field and armature 
Y = width of the slot openings in inches 
A = motors single air gap (clearance) in inches 
C = average tooth tip thickness of field and armature in 
inches 

T = pole pitch in inches 
Li — net iron length of the core in inches. 

For this motor we have 


3 10 X 0.035X0.031 5 X 0.035 

13.62 2 + 13.62X0.125X6.47 + 5 

= 0.01610 + 0.00099 + 0.03500 = 0.0521 


Since the maximum power factor for a single-phase induction 
motor = 

1 

l+4X(r 

we have 


1 

1 + 4X0.0521 


83 per cent max. power factor calculated, 


which is a fair agreement with the observed maximum power 
factor of 85 per cent for this motor, and the calculated maximum 
power factor of 85.5 per cent. 

Resistance of field and armature. The resistance of the .field 
of 0.287 ohms used in these calculations was calculated from 
the weight of the field wire. The resistance of the field was also 
calculated from the length of wire by developing one quarter 
section of one field pole and laying out the various coils to scale, 
the resistance in this way was calculated to be 0.295 ohm, which 
checks substantially with the figure by weight of 0.287 ohm. 



1915] 


HAMILTON: INDUCTION MOTOR 


2459 


With a little time and care the resistance can be obtained quite 
accurately by the length method and assists greatly in pre¬ 
determining the resistance of field of a proposed motor. 

The total cross-section in circular mils of all the wires in all 
the slots of the field and of the armature is 

Field 2 X 18 X 22 X 8234 = 6,540,000 
Armature 2 X 122 X 3 X 6530 = 4,800,000 

The resistance of the armature is not 
6,540,000 

4,800,000 X °'" 87 ~ 0 391 ohm 

as might be expected, as the copper in the armature is not as 
effectively used as in the field, which has a pyramidal winding. 
We therefore have for this motor 

6,540,000 

4,800,000 X 0-287 X K = 0.577 = observed resistance of 
armature from the blocked test or 

K = 1.47 

This constant is usually of the proportion of 1.4 for four-pole 
motors, 1.7 for six-pole motors. This we believe is the simplest 
and most practical method of dealing with the armature resist¬ 
ance. 

We have now analyzed and calculated this motor completely 
for the running idle and various load conditions. We will 
now inquire into the various calculations and show how the 
performance of a proposed motor may be predetermined. 

Predetermining the performance of a proposed motor. Every 
designer has, more or less, his own method of starting a new 
electrical design and each method if correctly and consistently 
followed leads to substantially the same result in the end. The 
writer has found the following method quite satisfactory. 

Fig. 7 gives the total magnetic flux for four- and six-pole 60- 
cycle single-phase induction motors for various maximum horse¬ 
powers up to 40 horse power. Data like these give a very con¬ 
venient and safe starting point for preliminary design for not 
only this type of motor but for any alternating-current induction 
motor, as the principal factors which may cause a variation in 
the total magnetic flux for a. given maximum horse power o r 
armature resistance and leakage, both of which are fairly con¬ 
stant for motors of same size and general construction. 
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The number of slots in the field and armature should now be 
decided upon. In general, too few or too many slots in field or 
armature will be found disadvantageous. In general either a 
less number or greater number of armature slots than field slots 
may be used with substantially the same results, provided the 
average number of slots per pole in field and armature is the 
same. The average number of slots per pole in field and arma¬ 
ture varies from 5 to 15 in this kind of motor, being near the 
smaller figure for small motors and nearer the larger for larger 
motors, say 5 h.p. and larger. 

One of the most important features of the design for smooth¬ 
ness and quiet operation, as we have intimated while dis¬ 
cussing u added ” iron loss, is the combination of field and arma- 



p IG< 7 —Flux-Horse Power Curves for 60-Cycle, Single-Phase 
Induction Motors 

ture slots. The principal features affected by this combination 
are noise, uniformity of starting torque, and “ added ” iron loss, 
but it should not be inferred that these features depend entirely 
on the combination of slots, as there are other things which may 
affect these features, such as, centering of field and armature, 
air gap, magnetic densities, shape and size of slots and tooth 
tips and the rigidity of general design, method of mounting field 
and armature iron and amount of twist in field or armature, all 
of which combine to form a problem far too complex to state 
de finit ely at the present time, but about which nevertheless 
considerable is known. In general, then, the combination of 
slots and general proportions should be restricted to those 
combinations which have been tried and not found wanting. 
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Having decided on the number of slots in field and armature 
to be used, and knowing the number of poles and the voltage 
of the motor, the number of turns may be calculated from the 
formula qsed in analyzing the motor earlier in this paper. In 
calculating the winding constant and determining the number of 
slots to be left empty it can be borne in mind that there is no 
advantage in filling more than 75 per cent of the slots when 
there are eight or more slots per pole. Knowing the number of 
wires per slot, and by estimating the current taken by the motor 
at full load, the preliminary size of the field wire can be estimated, 
allowing 500 to 800 circular mils per ampere. The smaller 
number of circular mils per ampere should be used only in motors 
that are well ventilated with definite air circulation, or in motors 
where it is known that the service will always be of such an 
intermittent character that the motor will never overheat. 

Knowing the field winding and therefore the resistance, the 
armature winding and resistance may be calculated as has been 
outlined. 

Having the magnetic flux per pole and having determined the 
number of coils per pole, the flux in the central field tooth can 
be determined as has previously been done. By fixing the 
magnetic densities in the different parts of the magnetic circuit 
the area of the different members can be calculated. The 
magnetic densities which may be used, of course, depend to a 
large extent upon the quality and kind of sheet steel used. How¬ 
ever, practically all sheet steel used nowadays in alternating- 
current motors shows a permeability and watt loss substantially 
as good as is given in Fig. 8. With iron of this quality the 


Lines per sq. in. 


Field yoke can be worked at 

Field teeth aver, section can be worked at 
« u min u 11 11 u 11 

Armature teeth aver. “ “ “ “ “ 

a « min u u 11 u tl 

u u yoke “ « « « « 


60,000 to 80,000 
80,000 “110,000 
100,000 “ 125,000 
90,000 “115,000 
100,000 “ 130,000 
75,000 “ 90,000 


for 60-cycle motors. 

The preliminary electrical design may now be drawn to scale, 
beginning either with an armature diameter or field iron diameter 
that is considered about correct or is desirable to be used. The 


preliminary design may be either too long along the shaft, in 
which case a larger armature diameter is necessary, or too short 
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along the shaft, in which case a smaller armature diameter should 
be used. 

The best general proportions as to the relation of polar pitch 
at the air gap and the length of iron along the shaft may be 
checked by the following observations on this type of motor. 
The length of iron along the shaft should be 50 per cent to 100 
per cent of the polar pitch, 60 per cent to 70 per cent giving the 
best all around performance, but if the diameter of armature and 
field punchings are large a motor will be somewhat more expen¬ 
sive in general to build. If, as is often the case with the larger 
motors, it is desirable to build four-, six- and eight-pole motors 



in the same frame, 50 per cent for four-pole motors may be used, 
which will result in fair characteristics for each of the three 
motors. 

Having made the preliminary design and checked the general 
proportions, if it is considered advisable in view of the facts con¬ 
cerning these general proportions, new diameters and lengths 
may be determined for the electrical design. The second design 
will therefore usually be safe to proceed with. 

The magnetizing current, the field and armature copper loss 
and the iron loss may now be calculated as was done when ana¬ 
lyzing the existing motor. The “ added ” iron loss and friction 
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and windage loss may be estimated with a fair degree of accuracy 
from data on existing motors. This gives the necessary data for 
plotting the running idle point of the circle diagram. The circle 
coefficient, the maximum power factor and hence the ^diameter 
of the circle may now be calculated from the physical dimensions 
of the electrical design as was done previously, the circle being 
drawn as before through the running free point and tangential 
to the maximum power factor line, the blocked point not as yet 
having been determined. The complete performance may there¬ 
fore now be calculated as was previously done. 

Having a complete lay-out and calculated performance of the 



CENTIGRADE DEGREES 

Fig. 9—Curves Showing Temperature Rise 

design, the different factors, such as, slip, power factor, efficiency, 
etc., may be considered in detail, and detail modifications made, 
and the effect on the other factors noted with comparative ease. 
For instance, the maximum efficiency can be made to occur at 
either less or greater than full load by arranging the iron losses 
and the copper losses accordingly. The point at which the 
maximum power factor occurs can to a certain extent be regu¬ 
lated by modifications of the design. 

The temperature rise of the different parts of the motor de¬ 
pends, of course, to a large extent on the mechanical design, 
construction and ventilation whether natural or by forced draft 
as with a definite fanning action. Fig. 9 will serve to indicate 
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in general how much the temperature of the frame may be expected 
to rise above the surrounding air. 

Discussion of brush setting. The external characteristics of the 
repulsion motor being subjected to a wide variation due 
to the setting of the brushes in various positions with respect 
to the neutral axis or dead point, as it is more commonly 
known, it is of prime importance to determine the most 
advantageous position to set the brushes relative to the duty the 
motor is to perform. In general, the shifting of the brushes of a 
repulsion motor away from the dead point will increase its static 
torque up to a certain point, and thereafter the static torque will 
decrease with the further shifting of the brushes, while the 



p IG . 10 —Starting Characteristics—5-h.p., 4-Pole, 60-Cycle Re¬ 
pulsion Start Induction Motor—Field Res. 0.287 ohm. 

s hif ting of the brushes away from the dead point will decrease the 
strength of the repulsion motor for bringing the load up to speed. 

Test results on the 5-h.p. motor analyzed above are given here, 
to bring out the pertinent points in the operation of a repulsion 
start motor. The resistance of the armature is approximately 
twice that of the field. 

The effect of the brush setting and starting characteristics 
are clearly shown in Fig. 10, where the blocked torque, amperes 
and power factor are plotted against the distance in electrical 
degrees that the brushes are set away from the .dead point. 
It can be noted that the torque varies approximately as a sine 
curve, reaching the maximum at 12 electrical degrees (four-pole 
motor) from dead point, while the torque decreases as the brushes 
are shifted further from the dead point. From a starting view¬ 
point, the torque per ampere increases with the increase of the 
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distance the brushes are set from the neutral axis, within the 
range that the motor can be operated. So from this viewpoint 
it is desirable to have the brushes set a considerable distance 
from the dead point. 

Somewhat contrary results as to the proper brush setting are 
shown by the speed-torque curves with the brushes in eight 
different positions, varying from 2 deg. to 16 deg. from the dead 
point. This shows that the motor as a repulsion motor,. will 
develop the greatest torque at 1350 rev. per min. and at higher 
speeds when the brushes are set close to the dead point. It 



Fig. 11—Torque-Speed Curves—5-h.p., 4-Pole, 1750-Rev. per 

min. Motor 

can be noted by referring to Fig. 11 that after a speed of 1350 
rev. per min. is reached the 2 deg. position has the greatest 
torque, with the running torque decreasing at that speed as 
the brushes are shifted away from the dead point. 

Fig. 12 shows the variation of horse power and torque and indi¬ 
cates that the 4 deg. position develops the greatest horse power, 
showing that a shifting of the brushes in either direction from 
this point causes the motor as a repulsion motor to become 
weaker and the horse power it will pull up will be less. Thus 
we see that at the 12 deg. setting of the brushes the motor has 
the strongest starting torque and at the 4 deg. setting it de* 
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velops the greatest horse power, so the final setting of the 
brushes is a balance between these two positions, depending 
upon the application of the motor. 

To consider the whole cycle of operation of the repulsion start 
induction motor as it comes up to speed as a repulsion motor, 
and is short-circuited and converted into an induction motor; 
the curves of the repulsion motor for the 8 deg. setting are super¬ 
imposed on the curves of the induction motor. Imposing the 
condition that the armature is short-circuited at a predetermined 
speed, the static torque and current, the maximum torque that 



Fig. 12—Torque-Horse Power Curves— 5-h.p., 4-Pole, 1750 
Rev. per Min. Motor 

can be brought up to speed, the surge of current when the short- 
circuiting occurs, and the maximum horsepower that can be 
brought up to speed, can be analyzed in the following manner. 
Referring to Fig. 14, presupposing that the governor mechanism 
short-circuits the armature at 1600 rev. per min. as indicated 
by position A on the repulsion motor speed curve, and follow¬ 
ing the vertical line down to point B, shows 16.5 lb-ft. torque 
was brought up to that speed. Further, point C on the same 
vertical line shows the current then will be 28.0 amperes. A 
short-circuiting of the armature then occurring at 1600 rev. 
per min. is at point D on the speed curve of the induction motor, 
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and following the vertical line down from that point to point 
E on the torque curve of the induction motor, it has 28 lb-ft. 
torque. Point F indicates that the current increases to 60 
amperes. However, as just 16.5 Ib-ft. torque was brought up 
to 1600 rev. per min. by the repulsion motor, and the induction 
motor immediately after short-circuiting occurs, having 28 lb. 
ft. torque, will rapidly carry the armature up to the speed where 
the induction motor will carry the torque that was brought up 
by the repulsion motor as shown by position G on the torque 



Fig. 13—External Characteristics 5-h.p., 208-Volt, 60-Cycle 
Motor—Brush Setting 6 Deg. (Elec.) from Dead-Point—Standard 
Armature— Resistance Arm. =0.577—Field 0.287 ohm 

curve of the induction motor, which is the same torque as that 
of position B of the repulsion motor. Position G shows that 
at 16.5 lb-ft. torque the load on the machine will be 5.4 horse¬ 
power. At that horse power the speed is 1735 rev. per min. 
and the current is 27.5 amperes, so this case shows a condition 
where the repulsion motor brought up to speed 5.4 horse power 
with an increase of current from 28.0 to 60 amperes, which is 
240 per cent of full-load current when the governor short-cir¬ 
cuits the armature. The torque of the motor after short-cir- 
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cuiting being considerably greater than before short-circuiting, 
the load is brought up to speed so quickly that an ordinary 
damped ammeter will show only 5 to 10 amperes increase of 
current at the time of short-circuiting. 

The lower the speed at which the short-circuiting occurs, the 
greater the torque that can be brought to speed and the greater 
the current at short-circuiting, until the speed is reached where 
the induction motor has its maximum torque; at lower speeds 
the amount of torque that can be brought to speed decreases 



Fig. 14—External Characteristics 5-h.p., 208-Volt, 60-Cycle 
Motor—Brush Setting 8 Deg. (Elec.) from Dead-Point—Standard 
Armature—Resistance Arm. = 0^577—Field 0.287 ohm 

rapidly. So here again the determining factor is a balance 
between the horse power that is desired to be brought up to 
speed and the increase of current that occurs when the arma¬ 
ture is short-circuited. Table III shows a complete analysis 
with the brushes set 8 deg. from the dead point, and the short- 
circuiting occurring at various speeds. 

The curves Figs. 13, 14, and 15 and Tables II, III and 
IV, for the 6 deg., 8 deg., and 10 deg. brush settings show 
that considerable flexibility can be obtained. Their an- 
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alysis brings out these facts when the governor operates 
at 1600 rev. per min. With the brushes in the 6 deg. position 
the starting torque will be 34 lb-ft. or 225 per cent full-load 
torque, and the current at start, 325 per cent of full-load cur¬ 
rent and the load 5.6 h.p. At the 8 deg. position the starting 
torque will be 50 lb-ft. or 335 per cent of full-load torque, start¬ 
ing amperes will be 295 per cent of full-load amperes and 
will bring to speed 5.4 h.p. The 10 deg. setting shows 



Fig. 15- 
Motor- 


-External Characteristics—5-h.p., 208- Volt, 60-Cycle 

-Brush Setting 10 Deg. (Elec.) from Dead Point—Standard 

n K77_Rim n 0 2R7 


a-DA*ATTT- p-p—’R esistance Arm. 


a starting torque of 64 lb-ft. or 425 per cent of full-load 
torque, starting current 280 per cent of full-load current and 
will bring up to speed 4.65 h.p. As the governor op¬ 
erates at the same speed of 1600 rev. per min. the 
increase of current at short-circuiting will be the same m each 
case. So where a large load is to be brought up to speed and 
a heavy starting torque is not necessary the 6 deg. position is 
the best; where a great starting torque is necessary, such as 
on a pump installation, etc., the 10 deg. position shows the 
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best, but for best average results the 8 deg. position is the most 
desirable. 


TABLE II.—5 H.P., 104-208 VOLT, 60 CYCLE, 4 POLE, 1750 R.P.M. REPULSION 
START INDUCTION MOTOR; STANDARD ARMATURE 
Brushes Set 6 Elec. Degrees from Dead Point 


Repulsion motor. Induction motor. 



Starting 

Short cir. spd. 

Short cir. spd 


Running 


Short 

cir. 










Speed 

speed 

Torque 

lb-ft. 

Amp. 
208 V. 

Torque 

lb-ft. 

Amp. 
20S V. 

Torque 

lb-ft. 

Amp. 
208 V. 

Torque 

lb-ft. 

H.P. 

Amp. 
208 V. 

rev. 

per 

min. 

1300 

34 

81 

25.25 

40.5 

21.25 

84 

25.25 




1350 

34 

81 

23.5 

38.5 

23 

81.5 

23.5 




1400 

34 

81 

22.25 

37 

24.5 

78 

22.25 

7.2 

40 

1680 

1450 

34 

81 

21 

35.5 

26 

75 

21 

6.85 

37 

1695 

1500 

34 

81 

19 

33 

27 

71 

19 

6.25 

32.5 

1710 

1550 

34 

8 

18.5 

32 

28 

65.5 

18.5 

6.1 

31.5 

1712 

1600 

* 34 

81 

17 

30 

28 

60 

17 

5.6 

28.5 

1722 

1650 

34 

81 

16 

28.5 

26 

50 

16 

5.3 

27 

1730 

1700 

34 

81 

14.5 

27 

20.5 

36 

14.5 

4.85 

24.5 

1738 


TABLE III.—5 H.P., 104-208 VOLT, 60 CYCLE, 4 POLE, 1750 R.P.M. REPULSION 
START INDUCTION MOTOR; STANDARD ARMATURE 
Brushes Set 8 Elec. Degrees from Dead Point 


Repulsion motor. Induction motor. 



Starting 

Short cir. spd. 

Short cir. spd 

A 

Running 


OjlLOTu 

cir. 










Speed 

speed 

Torque 

lb-ft. 

Amp. 
208 V. 

Torque 

lb-ft. 

Amp. 
20 V. 

Torque 

lb-ft. 

Amp. 
208 V. 

Torque 

lb-ft. 

H.P. 

Amp. 
208 V. 

rev. 

per 

min. 

1300 

50 

74 

24.5 

37 

21.25 

84 





1350 

50 

74 

23 

36 

23 

81.5 

23 

7.4 

42 

1680 

1400 

50 

74 

21.5 

33 

24.5 

78 

21.5 

6.95 

38 

1695 

1450 

50 

74 

20.4 

32.1 

26 

75 

20 

6.5 

34.5 

1705 

1500 

50 

74 

19 

30.5 

27 

71 

19 

6.2 

32.5 

1715 

1550 

50 

74 

18 

29 

28 

66.5 

18 

5.9 

30.5 

1720 

1600 

50 

74 

16.5 

28 

28 

60 

16.5 

5.4 

27.5 

1730 

1650 

50 

74 

15.5 

26.25 

26 

50 

15.5 

5.1 

26 

1735 

1700 

50 

74 

14.0 

25 

20.5 

36 

14 

4.65 

23.5 

1742 


The effect of increasing armature resistance. An armature 
with approximately two times the resistance of that of the stand¬ 
ard motor, making resistance of this armature four times that 
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of a field or stator, brings out the following facts. The starting 
condition relative to the brush setting is shown on Fig. 10. 
Up to the 8 deg. position the starting torque was practically 
equal to that of the standard motor, but it only developed 56 
lb-ft. torque at its maximum position (12 deg. from the dead 
point) against 74 lb-ft. with the standard armature at its maxi¬ 
mum position. The current was about 10 per cent lower in 
all positions. It was perceptibly weaker as a repulsion motor 
t han when the standard armature was used, (compare Fig. 16 
and Table V with Fig. 14 and Table III,) it bringing up to 
speed but 5.4 h.p. with the governor operating at 1500 rev. per 


TABLE IV.—5 H.P., 104-208 VOLT 
START INDUCTION 


, 60 CYCLE, 4 POLE, 1750 R.P.M. REPULSION 

MOTOR;'STANDARD ARMATURE 


Brushes Set 10 Elec. Degrees from Dead Point 


Short 

cir. 

speed 

Repulsion motor. 

Induction motor. 

Starting I 

Short cir. spd. 

Short cir. spd 

Running 

Torque 

lb-ft. 

Amp. 
208 V. 

Torque 

lb-ft. 

Amp. 
208 V. 

Torque 

lb-ft. 

Amp. 
208 V. 

Torque 

lb-ft. 

H.P. 

Amp. 
208 V. 

Speed 

rev. 

per 

min. 

1300 

1350 

1400 

1450 

1500 

1550 

1600 

1650 

1700 

64 

64 

64 

64 

64 

64 

64 

64 

64 

70 

70 

70 

70 

70 

70 

70 

70 

70 

21.25 
20 

19 

17.75 

16.5 

15.25 
14 

13 

12.5 

32 

30.5 
29 

28.5 

26.5 
25 

23.5 
22 

21.5 

21.25 

23 

24.5 

26 

27 

28 

28 

26 

20.5 

84 

81.5 
78 

75 

71 

66.5 
60 

50 

36 

21.25 
20 

19 

17.75 

16.5 

15.25 
14 

13 

12.5 

6.9 

6.5 

6.2 

5.8 

5.4 

5.05 

4.65 

4.35 

4.2 

38 

34.5 

32.5 
30 

28 

26 

24 

22.5 
21 

1695 

1705 

1712 

1720 

1730 

1735 

1740 

1745 

1750 


min.; at this speed the increase of current at short-circuiting 
is the same as at 1600 rev. per min. with the standard 
armature 

This shows, however, the possibility of increasing the arma¬ 
ture resistance so that the short-circuiting can occur at a lower 
speed and thus the load brought up to speed with a given 
amount of static torque can be increased. 

But with an armature resistance, as in this case, of four times 
that of the field, there is no advantage to be gained m either 
the starting or bringing the load to speed, and there is a de 
nite disadvantage when the motor is running as .an induction 
motor. In general, the best average results will be secured 
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by using an armature resistance of from two to three times 
that of the field. 


3—Mechanical Design 


The distinguishing feature of the mechanical design of the 
repulsion start induction motor is the commutator short-cir¬ 
cuiting device. The success of this type of motor has been due 
to a very large extent to the fact that this device has been 


developed so that it is entire¬ 
ly dependable, even under 
adverse conditions. 

All of these devices work 
on the centrifugal principle 
and the better designs are 
arranged so that the short- 
circuiting takes place instant¬ 
ly when the proper speed has 
been reached, even though 
the motor is accelerating very 
slowly. This quick action at 
the make and the break in¬ 
sures smooth and efficient 
action of the short-circuiting 
members for an indefinite 
period. This type of motor 
is usually made with a radial 
commutator for convenience 
of arranging the short-circuit¬ 
ing device and so that the 
brushes may be lifted from the 
commutator after the short- 
circuiting. Lifting the brushes 
after motor has started elim- 



Fig. 16—External Characteris¬ 
tics, 5-h.p., 208-Volt, 60-Cycle 
Motor 

Brush setting 8 deg. (Elec.) from dead 
point— high resistance armature—res. arm. 
0.99 ohm.—field 0.287 ohm. 


mates all friction wear and noise and has therefore assisted to 


a considerable extent in making this motor a success. 

The mechanical design in general of this type of motor is not 
different from other types of motors. Designers are now well 
agreed for the most part that a certain rigidity of frame, shaft 
and other parts is as essential to produce quiet, smooth run¬ 
ning and efficient motors as is a good electrical design and that 
an otherwise good electrical design can be spoiled by a poor 
mechanical construction. Modem shop practise has made it 
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possible to employ satisfactorily as small an air gap or clear¬ 
ance as is desired in most cases. Pressed steel is being used 
to a considerable extent in this type of motor to lighten, strong 
en and at the same time lower the cost. The use of forced 
ventilation is helping materially to improve this type as well 

as other types of motors. _ 

One of the most commendable features of modern 
designing as in other apparatus is-to appeal to.the esthe ic, 
improve the looks, to harmonize the design with the apparatus 
it is to operate, as far as it is practicable. . 

Fi°- 17 shows the cross-sectional view of the repulsion 
induction motor. This view shows the arrangement and con- 


TABLE V -7TART\“cTZMOTO C R; C ffi g fe R^istalu 

_ ~ _— twm-v Pat-nit 


Repulsion motor. 


Short 

Starting I 

Short cir. spd. 





cir. 




Amp. 

speed 

Torque 

Amp. 

Torque 

lb-ft. 

208 V. 

lb-ft. 

208 V 

1300 

48 

67 

22.3 

33.5 

1350 

48 

67 

21 

32.2 

1400 

48 

67 

19.5 

30.7 

1450 

48 

67 

18.2 

29.5 

1500 

48 

67 

17 

28 

1550 

48 

67 

15.8 

26.7 

1600 

48 

67 

14.5 

25 

1700 

48 

67 

12.5 

23 


Induction motor. 

Short cir. spd 1 

Running 

Torque 

lb-ft. 

Amp. 
208 V. 

Torque 

lb-ft. 

H.P. 

Amp. 
208 V. 

Speed 

rev. 

per 

min. 

24.7 

25.2 
25.5 

25.5 
25.0 

24.3 

21.7 

13.5 

68.5 
65 

61.5 
57 

52 

47 

40 

24 

22.3 

21 

19.5 
18.2 

17 

15.8 

14.5 

12.5 

6.75 

6.42 

6.1 

5.7 

5.4 

5.03 

4.65 

4.0 

40.7 
38 

35 

32 

30 

28 

25.8 
22.3 

1590 

1615 

1635 

1650 

1665 

1680 

1695 

1710 


struction of a type of automatic commutator short ' cir ^“J® 
device and brush lifting device which has proved entire y 

satisfactory. Summary 

The starting efficiency of the repulsion start induction rnotor 
is Substantially the same as for the shunt and ca^-^d 
direct-current and the multiphase wound-rotor with resist 
ance in rotor for starting, which has the highest starting efficiency 
' of the various multiphase motors^ This type of moto m afi 
sizes may be started by closing the switch without the use o 
a starter of any kind, as they take less than 300 per cent of full- 
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load current at start and have over 300 per cent full-load start, 
and are therefore simpler to install and operate than the direct- 
current or the multiphase motors, as these require some form 
of starter to limit the starting current. We may, therefore, 
conclude that this type of motor compares favorably in all 
respects to the best direct-current and multiphase motors and 
is now the standard type of single-phase motor and has largely 
replaced less satisfactory types of single-phase motors. 

We have observed that a motor of this type can be easily 



Fig. 17 


analyzed and the different losses determined accurately and 
that such an analysis gives a definite and scientifically accurate 
basis for improving or modifying existing designs or for pre¬ 
determining the performance of new designs. A definite and 
simple method has been set forth for calculating a new design 
of motor. 

The excellent performance and the comparative freedom from 
trouble and annoyance of the automatic short-circuiting devices 
have helped materially to establish this type of motor. 
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Discussion on “The Repulsion-Start Induction Motor” 
(Hamilton), St. Louis, Mo., Oct. 19, 1915. 

H. Weichsel: The design methods given by Mr. Hamilton 
can, according to my judgment, in some cases be shortened 
without interfering with the accuracy of the results. In some 
other cases it is possible to obtain somewhat more accurate 
results, without increasing noticeably the time required for, 
the calculation. 

The method given for calculating the winding constants is 
reliable and useful. The necessary time for computing these 
constants can, however, be quite materially decreased by the 
use of tables which give the winding constants or winding 

. number of slots wound 
coefficients, as a function of the ratio total num ber of slots' 


Such tables have been calculated 
by me, and were published in 
the Electrical Review and Western 
Electrician , Oct. 15, 1910. 

A tabulation is given in Mr. 

Hamilton’s paper, showing the 
ampere-turns required for the 
different parts of the magnetic 
circuits. If I understand this 
table correctly, the necessary 
ampere-turns for the stator and 
rotor core have been calculated 
in the following manner. _ The 
distances a and b in Fig. 1 
have been used as mean length 
for the magnetic path in rotor 

and stator core, respectively. Furthermore, the magnetic in¬ 
duction has been assumed as constant for all parts of the core, 
and is derived by the relation: 



Fig. 1 


lines per p ole 

Induction - ^ x core cross-section. 

In reality the core induction is not constant but varies from 
point to point, and only half way between the pole centers at c , 
reaches the induction value found from the above relation. For 
all other points the induction is lower. A further investigation 
shows that the core induction varies approximately proportionally 
to the cosine of angle a. Magnetization curves can be made up, 
which consider the cosine change of the induction, and by aid 
of which it is possible to calculate the actual needed ampere- 
turns for the core. This method invariably gives much fewer 
turns for the cores, than the method used by Mr. Hamilton. 

For calculating the no-load current, it is recommended to 
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multiply the magnetizing current, which occurs with rotor open- 
circuited, by the factor 1.95. This coefficient is, however, by 
no means a constant but it is influenced by the ohmic resist¬ 
ance and leakage reactance of the machine. In the A. I. E. E. 
Trans., 1911, page 2125—I have shown how the influence of 
the ohmic resistance can be considered. In most cases, how¬ 
ever, the influence of the ohmic resistance is not large in com¬ 
parison with the influence of the leakage reactance. For this 
reason said coefficient can be sufficiently accurately calculated 

2 

by the formula 1 + ( -yyy ) which considers the leakage 

reactance only. In this formula T represents the leakage co¬ 
efficient of the motor. 

The circle diagram for a single-phase motor as shown m 
this paper, is in every respect identical with the well-known 
circle diagram for a polyphase motor. I would like to call 
attention to the fact that in reality the following differences 




between a single-phase and polyphase motor circle diagram 
(Fig. 2), exist: 

In a polyphase motor diagram, the line 1-2 represents the 
rotor loss, and the line 1-3 rotor torque. . 

In a single-phase motor diagram, the line 1-2 also represents 
the rotor loss, but as the per cent slip of a single-phase motor 
is not the same as the per cent rotor copper loss, it follows that 
the line 1-3 cannot represent the rotor _ torque. The rotor 
torque is, however, represented by the line 3-4 where point 
4 lies on a straight line half way between 1 and 2. This method 
of representing the torque of a single-phase motor, is correct 
up to approximately the maximum torque. Beyond this 
point the line 0-4 is no longer a straight line, but is curved and 
ends in point 5. The exact shape of this curved part is difficult 
to determine. 

In using the circle diagram for deriving the performance of 
the motor from an idle and locked test, and from the ohmic 
resistance, I have found it most advisable to take the locked 
reading at about one half normal voltage. If this reading is 
taken at full voltage, the circle diagram quite frequently gives too 
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high a horse power output, due to the fact that the locked cur¬ 
rent frequently increases faster than the impressed voltage. 

If the machine has relatively small ohmic stator resistance, 
the center of the circle lies on the base line of the diagram rep¬ 
resenting the constant losses. If, however, the motor has a 
relatively high ohmic resistance, then it is advisable to introduce 
a correction by drawing the line (0-1) under the angle 

io w 2 

tga ~ e ' 1 + 1.5 T 

See Fig. 3. 

i 0 = no-load current. 

w = stator resistance. And the center of the .circle should 

be located on this line. 

T = single-phase leakage coefficient. 
e = impressed voltage. 



Fig. 5 



We should not, however, deceive ourselves regarding the 
accuracy of any of these diagrams—especially is this true for; the 
speed-torque curve derived from the circle diagram. The circle 
dmvram is based on the assumption that the rotating field 
Pas° a sine distribution in space. In reality, however, higher 
harmonics occur in the field shape and these harmonics distort 
the shape of the speed-torque curve. This statement is true for 
the single-phase motors as well as for the polyphase motors. 
Curve No 1 in Fig. 4 shows a speed-torque curve such as de- 
Sved from circle diagram, and refers to an ideal single-phase 
induction motor. Curve 3 gives the speed-torq ue cu rve for a 
single-phase induction motor where field possesses a third 

^Reference is made in Mr. Hamilton’s paper to the added 
iron losses From the example given, it might seem as if the 
added iron losses are always high when the frequency due to 
the teeth is high. This, however, is not the case. It q 
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possible that a machine with a very high tooth frequency may have 
less added iron loss than another machine which has a very 
much lower frequency, due to tooth variation. This 1S 5^ ue L 0 
the fact that the added losses do not depend only on the fre- 
quencv due to the teeth, but also depend, and to a large extent, 
on the amplitude of the flux variation caused by the teeth. 

In calculating the rotor copper loss, apparently the loss due 
to the current flowing in the b axis (Fig. 5), has been considered 
only. In reality, however, a current _ pretty nearly equal m 
magnitude to the current flowing in axis ft, also flows in axis a . 
The losses due to the current flowing in axis a and 6, add to 
each other arithmetically, as I have shown in the Electrical 
World . (April 20 and 27,1911.) The total loss in the rotor is 
therefore approximately equal to twice the loss in axis b. 

A very quick method of determining the equivalent rotor 
resistance is given by Mr. Hamilton. He proposes an em¬ 
pirical coefficient K which lies between 1.4 and 1.7. 

The coefficient K can, however, easily be calculated with 
great accuracy and very little time expenditure. 

In the article already referred to on winding coefficients, 
a coefficient G has been plotted as function of percentage wound. 

This coefficient G refers to equation: i 2 = ~ — X G 

Z 2 

ix — stator current 
i 2 = rotor current 
Z\ — stator conductors 
z 2 = rotor conductors 

The coefficient K referred to by Mr. Hamilton, is determined 

bv the relation: K = G 2 y- 

n 

where l 2 = mean length of rotor conductor 
lx = “ “ “ stator “ 

If rotor has shortened throw, the coefficient K obtained by 
above equation, should be multiplied by the ratio: 

Full pitch winding throw _ 

Shortened pitch winding throw. 

C. A. M. Weber: The square of the winding constant is used 
in calculating the reactance from the physical constants of the 
motor and hence it is important to determine this factor accur¬ 
ately. It is a well-known fact that the secondary current corrects 
the field set up by the primary current to approximately a 
sinusoidal form and therefore a winding constant based on a 
sinusoidal flux distribution will give the best results. This 
constant may be calculated in a very simple manner as follows: 



It 15] 


2479 


is 1 DISCUSSION AT ST. LOUIS 

1 . 180° 

2 Sme 2 

= 0.5000 

, . 150° 

1 sme 2 

= 0.9659 

. . • 120° 
+ 1 sme —^— 

= 0.8660 

, . 90° 

1 sme g 

= 0.7070 

, . 60° 

1 sme —g— 

= 0.5000 

w 

3.5389 

Winding constant 

3.5389 

4.5 


= 0.786 


Mr. Hamilton adds 37.5 per cent of the slot opening to the 
tooth face in order to take account of the increased gap due to 
slot openings. This may be satisfactory for one primary and 
secondary punching provided the same gap is always used, 
but will only lead to error as the depth of air gap is not taken 

into consideration. . . 

In order to properly determine the effective air gap not 
only the width of slot opening but also the depth of mechanical 
air gap must be taken into consideration. It is obvious that 
if the air gap is increased the fringing will decrease and the 
effective gap will approach the mechanical gap, and vice versa. 

The author has calculated the main field magnetizing cur¬ 
rent but has assumed the cross field magnetizing current to 
be 95 per cent of the main field magnetizing current. * # 

The cross field magnetizing current may be calculated m 
much the same manner as the main field magnetizing current, 
by figuring the densities in the various elements due to the 
cross field. The data given_ by the author are not complete 
enough to start at the beginning of such a calculation. There¬ 
fore I will illustrate how the cross field magnetizing current 
may be calculated by using the main field current i m — 4.86 
as calculated by the author and assume 1.09 as the cross field 

saturation factor SF C , 1 

The main field saturation factor, using the authors calcu¬ 
lation of ampere-turns, is 


679.5 
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My experience shows that when the main field saturation 
factor is 1.115 the cross field saturation factor will be approxi¬ 
mately 1.09. . . 

Another element which enters into the determination or 
the magnetizing currents is the reactance X. The necessary 
physical data of the motor not being given, I will have to use 
the value of X = 2.02 ohms calculated from the test data given 
in the paper. 


Synchronous Speed 


Motor Speed 


2,000 100 10,000 50 10 


1,600 80 8,000 40 8 


1,200 Q. 60 6,000 ^ 30 c 

Lfj CO UJ *L 

| t S S 

^ $ §e : 

800 > 40 4,000 < 20 t 


400 ^20 2,000 10 2 


0 0 0 0 0 

0 5.0 10.0 

TORQUE IN FOOT POUNDS 

Fig. 6—Repulsion Start Induction Motor, 5-h.p., 104/208-Volt, 
60-cycle—4-Pole—1750 rev. per min. 



Then the cross field magnetizing current is 


_ : x Hi X _ 

t-m Q 77' ^ J ~V~ 

Or m - . I’m 

1 "T E 


= 4.37 


The total magnetizing current is v 

io = 'I'm + ‘Ims 

— 9.23 amperes. 

which agrees more closely with the tested value of 9.25. 

The iron loss which the author terms “added” iron loss is due 
primarily to the slot openings as stated, but this loss need 
not be assumed, as it can be calculated from the physical char- 
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acteristics of the motor and from a suitable curve plotted be¬ 
tween density and watts per square inch.* 

By ^ referring to the table of calculations from locked rotor 
data it will be noted that the author has given the secondary 
resistance as the difference between the primarv locked cur¬ 
rent squared divided into the locked watts and’ the primary 
resistance. . This value of secondary resistance is not quite 
correct as it does not take account of the iron loss, the eddy 
current loss or the other factors which should be taken into 
consideration in a calculation of this kind. 

Fig. 6 shows the performance of this motor calculated from 
the data which the author gives, according to the method out¬ 
lined by Mr. W. J. Branson, in the Trans. A. I. E. E., Volume 
31, page 1749. It will be noted that this performance agrees 
very closely with the results obtained by the author from the 
brake test. 

F. J. Bullivant: I would like to point out the importance 
to the user of the motor, of the discussion brought out by Mr. 
Hamilton with reference to brush setting. He points out that 
a better starting torque can be obtained by shifting the brushes 
away from the neutral, and a better pull-up torque can be 
obtained by shifting the brushes toward the neutral. When 
motors of this character are built for stock purposes they must 
necessarily be set for some average conditions of use, and if 
the user of the motor understands the proper conditions, as 
outlined in this discussion, he can help himself in any special 
cases of application. 

Morgan Brooks: I would like to ask the author, if it is 
correct to. have the length in inches of all parts of the magnetic 
circuit, except the air gap, the same. It seems there must be 
some error. It would be extraordinary to have the length of 
the different parts of the magnetic circuit all come out at 4.75. 

J. L. Hamilton: Answering the last speaker first, 4.75 in. 
is the net length of,iron and all sections of iron are figured as 
being the same. 5 in. is taken as the length of air gap parallel 
to the shaft so as to include the small air space between the 
different laminations of iron, as the reluctance of the air gap 
is practically no greater than if the face of the iron were solid. 

, Another reason for figuring the area of the air gap in this way 
is that after the armature and field bore are turned or ground, the 
surfaces are practically solid or continuous when considered 
magnetically. 

With regard to the points that Mr. Weichsel brought up; 
one was with regard to figuring the magnetizing current. The 
simplest way to calculate the magnetizing current is to con¬ 
sider the path of the flux which has the highest magnetic den¬ 
sity or the magnetic path through the central field teeth of 
the pole and the total ampere-tur ns surrounding that mag- 

*This method is described in a paper by Mr. J. E. Haussen, Trans. 
A. I. E. E., Vol. XXVIII, page 997. 
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netic flux. It is apparent that if the magnetizing current is 
figured in this way, the correct value is obtained and it is use¬ 
less to calculate the magnetic circuits through the field teeth 
which have lower magnetic densities at the instant considered. 
As the magnetic flux is figured when at its maximum, the 
magnetizing current is, of course, considered at its maximum 
and the effective value of magnetizing current is obtained 
by introducing the factor 0.707, which gives the effective 
value of the magnetizing current. This method gives correct 
results, as it has been used extensively in practise. . 

In regard to a simpler method of calculating the winding 
constant, that is a question for the individual, I would say. 
Personally, I have found this method .simpler. . Possibly some¬ 
one else will find a method which will suit him better. 

In regard to Mr. Weichsel’s observations that possibly the 
secondary losses had not been correctly estimated, the sec- 
ondary current at all times is measured from a point. on the 
circle diagram midway between zero and the running free 
point, which is the correct point from which to measure the 
secondary current. If one wants to be more exact, which is not 
necessary however for commercial work, the point from which 
the secondary current is measured can be moved slightly to¬ 
ward zero in proportion, as the cross field flux is slightly lower 
than the main field flux. However, as the cross field flux 
decreases slightly as the motor is loaded, this point from which 
the secondary current is measured should theoretically be 
changed for each load reading. These small refinements are 
not at all necessary and lead to but slightly increased accuracy. 

This paper, I might add, in general shows a commercially 
practicable way in dealing with the motor and some of the 
different calculations may be questioned from a strictly scien¬ 
tific standpoint, but the author does not claim that the paper and 
the calculations are scientifically correct in each and every 
detail, but a method is outlined which can be followed very 
simply and will give reliable results. . 

One of the speakers brought out the fact that added iron 
loss was due to a number of conditions other than those men¬ 
tioned by the writer. This is very true, and, for one., I would 
like to hear a discussion on the subject of added iron loss. 
As far as I know, this has not as yet been covered completely 
by any writer. 




Presented at the 314Jh meeting of the American 
Institute of Electrical Engineers , St. Louis , 
Mo., October 19,1915. 

Copyright 1915. By A. X. E. E. 


SINGLE-PHASE SQUIRREL-CAGE MOTOR 

With Large Starting Torque and Phase Compensation 

BY VAL. A. FYNN 
Abstract of Paper 

This paper describes a new single-phase motor which develops 
a large starting torque and operates with unity power factor. It 
outlines the manner in which the machine was developed, 
discusses the theory of its operation as well as the novel points to 
be considered in its design, and finally gives a number oi test 
results obtained from motors of different sizes. 

The machine is of the squirrel cage type, but is also fitted with 
a commutator. Although the motor is often provided with a 
small centrifugal switch for closing the phase compensating cir¬ 
cuit, it is shown that the failure of this switch to operate does not 
cripple the motor or materially change its_ characteristics, and 
that one or more of the commuted winding circuits may be 
interrupted without causing the machine to break down. Ac¬ 
cidents of this description only affect the degree of compensation, 
the efficiency, or the overload capacity. 

Development and Theory of Operation 
IT IS a dmi tted on all sides that the only drawback to a 
1 single-phase squirrel-cage motor in normal operation is 
its somewhat low power factor. The use of such a machine is, 
nevertheless, very restricted because it cannot be started with a 
sufficiently powerful torque and always takes an excessive start¬ 
ing current. The great reliability of a motor of this type 
is, however, so attractive a feature that many efforts have been 
made to overcome the starting disabilities of this machine. 

The motor described in this paper and briefly referred to as 
type BK is the result of a series of such efforts, and it is submitted 
that this new constant speed machine not only fully solves the 
starting problem, but that it removes the one objection to the 
squirrel-cage motor in normal operation by raising its power 
factor, at any load, to near unity. 

The reason why a squirrel-cage motor is not self-starting is 
shown in Fig. 1. With the main inducing winding 4 connected 
to the line, we have a magnetizing current in 4 responsible for 
the transformer flux Fi. This flux determines the value of the 
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secondary e.m.f. which in turn produces the secondary load 
current i% in the rotor conductors 11 interconnected by the 
end rings 12. The ampere-turns due to are equalled and 
opposed by a primary load current in the stator winding 
4. The distribution of the stator and rotor load currents is 
indicated by circles and dots placed near the windings which 
carry them. The resultant direction of the primary and second¬ 
ary load current ampere turns, or the direction of the stator and 
rotor current axes, is shown by straight arrows. Neglecting 
leakage fluxes, it is seen that all fluxes but Fi cancel out. It is 
because the rotor current, or ampere-turn, axis, indicated by 
the arrow i 2 , exactly coincides with the axis of the only useful 
field Fi that no rotation can possibly result. 

A number of rotor conductors on the right side of the rotor 



Pig. 1—Single-Phase Squirrel- Fig. 2—First Stage of BK 

Cage Motor Development 

current axis carry downward current and produce a counter¬ 
clock torque with F h while an equal number of rotor conductors 
on the left side of the rotor current axis carry an upward current 
and therefore produce a clockwise torque with Fi. These two 
opposite torques are exactly equal. It is generally true to say 
that no effective torque can be developed by a flux cooperating 
with certain ampere-turns, as long as the axis of said magnetic 
flux coincides with the axis of said ampere-turns. This is true 
irrespective of the phase relation between the flux and the 
current to which the ampere-turns are due. 

In order to produce an effective torque, it is necessary that 
the ampere-turn, or current, axis be displaced from the axis of 
the flux. The most effective displacement is one of 90 space, 
or mechanical, degrees. When dealing with alternating currents, 
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it is furthermore necessary that there shall be less than 90 
time, or electrical, degrees difference between the phase of the 
current and the phase of the flux. The best result is obtained 
when the phases of the two coincide. 

With these remarks in mind it will be easy to follow the various 
steps by which the low power factor motor devoid of starting 
torque and shown in Fig. 1* has been transformed into the ma¬ 
chine shown in Fig. 6 , which can develop a powerful torque at 
starting and which operates with a power factor near unity. 

The first of these steps is illustrated in Fig. 2 , where the rotor 
has been provided with a commuted winding 6 in addition to 
the squirrel-cage winding 12 of Fig. 1. Both windings are 
placed in the same slots and are diagrammatically indicated by 
circles. The main inducing winding 4 is connected in series 
with the commuted winding by means of the brushes 8 , 10 , 
displaced by 90 space degrees from the axis of 4. 

Aside from leakage fluxes, two magnetic fields appear in this 
machine as soon as it is connected to the mains. The one is the 
transformer flux F h the other the transformer flux F 2 . The flux F i 
depends on the voltage at the terminals of the main inducing 
winding 4 and is responsible for the secondary current i 2 in the 
rotor squirrel-cage winding 12 . F 2 depends on the voltage at 
the terminals of the commuted winding 6 and is responsible for 
the secondary current iz in the rotor winding 12. In the stator 
inducing winding 4 , the current i x has one magnetizing and one 
load component. The first produces F Xi the second produces stator 
ampere turns which are equal and opposed to the squirrel-cage 
ampere turns due to i 2 . The rotor winding 6 , connected in 
series with the stator winding 4, also carries the stator current 
ii but here one of its components produces F 2 , while the other 
is responsible for rotor ampere turns equal and opposed to the 
squirrel-cage ampere turns due to i z - The rotor, therefore, carries 
three sets of ampere turns; those due to i 2 are coaxial with 4; 
those due to i x and iz are displaced by 90 space degrees from the 
axis of 4. It is seen at once that F x can produce a torque with 
the rotor ampere turns due to i x and ^ 3 , but not with the coaxial 
ampere turns due to i 2 . Similarly, F 2 can produce a torque with 
the ampere turns due to i 2 , but not with the coaxial ampere 
turns due to i x and iz- We can write 

Ti = i 2 . F 2 . cos a , clockwise. 

r 2 = ii . Fi . cos (3 , clockwise. 

Tz = iz . Fi . cos 7 , counterclockwise. 

*A11 diagrams of connections refer to two-pole machines. 
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where a , /?, y are the phase angles between the various co¬ 
operating fluxes and currents. 

With normal voltage at its terminals this machine will take a 
very large current, but will not develop enough useful torque to 
start the lightest of loads. The starting torque it is able to 
develop under the conditions named is indeed often barely 
sufficient to bring the motor alone up to its full speed. This full 
speed lies in the immediate neighborhood of the synchronous. 
When it is reached, then the permanently short-circuited winding 
becomes fully effective and the operation of the machine is 
quite satisfactory. The addition of the commuted winding to 
the squirrel cage of Fig. 1, evidently does not solve the problem. 
A starting torque is secured with its help, but said torque is 
small. Before showing how it can be increased, it will be in¬ 
teresting to indicate the reason for this small starting torque. 

The secondary ampere-turns of a transformer are always 
almost opposed to and smaller than its primary ampere-turns. 
Their difference is responsible for the transformer flux. When 
the secondary is short-circuited then the transformer flux is 
generally small; it increases as the ohmic resistance of the second¬ 
ary increases and as the inductive relation between primary and 
secondary becomes worse. It has already been indicated that 
there are two transformers in Fig. 2, their secondaries are both 
short-circuited while their primaries are connected in series. 
The primary of the one transformer is the stator winding 4, 
its secondary is the squirrel-cage winding along the axis of 4. 
The primary of the other transformer is the rotor winding 6 , 
its secondary is again the squirrel-cage winding, but along an 
axis at right angles in space to that of 4. The resistance of the 
secondaries is obviously the same, but the mutual induction be¬ 
tween 6 and 12 , which are located in the same slots, is clearly far 
better than the mutual induction between 4 and 12, which are 
placed in slots separated by the air gap. It follows that F 2 must 
be small and that the ampere-turns due to iz must not only be 
almost opposed but also very nearly equal to the rotor ampere- 
turns due to i\. The flux F\, which is usually the larger, is there¬ 
fore of little use, for if it produces a positive torque T 2 with the 
rotor ampere-turns due to i h it must produce, with the ampere- 
turns due to i Zl a negative torque T 3 of almost equal magnitude 
Since the resultant torque is 


t = r x + r 2 - t z 
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and since T 3 practically equals T 2 , we can write 
T = Ti = h ■ F 2 ■ cos a 

which means that the motor in Fig. 2 starts almost exclusively 
because of the very small flux F 2 coacting with ampere-tums due 
to the large current i 2 . Since the value to which the already large 
current i 2 can be raised is necessarily limited, it follows that the 
resultant starting torque can be more readily increased by in¬ 
creasing the small flux F 2 and bringing it into the closest possible 
phase coincidence with i 2 . 

The flux F 2 can be increased either by increasing the ohmic 
resistance of the squirrel cage or by decreasing the mutual induc¬ 
tion between the commuted and the squirrel-cage windings. 
But either change also reduces i 2 so that the gain in torque is not 
as great as might at first be expected. In fact these changes 
am ount to a reduction of the squirrel cage efficiency in normal 
operation, they reduce the output of the machine, and may rob 
it of its constant-speed characteristic. 

As the machine shown in Fig. 2 runs up to speed, the squirrel 
cage develops its .own motor, or torque-producing, field, as in the 
ordinary single-phase induction motor. Near synchronism, it 
tends to keep this speed field nearly constant, and thus seeks 
to impart a shunt characteristic to the motor. As long as the 
quirrel cage current in the axis 8 , 10 , is alone responsible for the 
motor field, the magnitude and phase of the latter will be fairly 
constant depending only on the speed e.m.f. generated in the 
rotor along said axis and on the impedance of the exciting circuit. 
If a current is sent through any winding able to magnetize along 
this same axis, 8 , 10 , then the squirrel-cage exciting current will 
automatically assume such value, phase and direction as will 
compensate for the disturbing effect of these additional ampere- 
turns and tend to maintain the constancy of the motor field. 
But the magnitude, as well as the phase of the motor field, is 
liable to change greatly if the magnitude of this correcting 
squirrel-cage current materially exceeds that of the normal 
squirrel cage exciting current, thus producing abnormal copper 
10SS6S 

Now the current i\ flowing in the commuted winding along the 
axis 8 , 10 , is able to magnetize along the axis of the motor field; 
in addition, it produces, with F u a positive torque T it which 
increases with decreasing power factor. The ampere-tums due 
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to this current i\ can, and often do, materially reduce the magni¬ 
tude and change the phase of the motor field, because of the 
squirrel-cage action just explained. In such a case the motor 
speed may rise above the synchronous , because of the decrease in 
the magnitude of the motor field and because of the increase in 
the torque T 2 brought about by the lower power factor conse¬ 
quent on the change in the phase of the motor field. The squirrel 
cage naturally resists this tendency, but if its efficiency has been 
materially impaired and the ampere-turns in the commuted 
winding are sufficiently large, it may be overpowered and allow 
the motor to “ race ” past the synchronous speed. 

The motor shown in Fig. 2 is clearly unsatisfactory, the start¬ 
ing torque is small and the material is not well utilized because 
of the uselessness of the com¬ 
muted winding 6 in normal 
operation. If the resistance 
of the squirrel cage is in¬ 
creased, or if the mutual in¬ 
duction between it and the 
commuted winding is mater¬ 
ially decreased, the small in¬ 
crease in starting torque is 
in no way sufficient to com¬ 
pensate for the great addi¬ 
tional decrease in weight 
efficiency. 

The author next conceived 
the arrangement shown in 
Fig. 3. The commuted wind¬ 
ing 6 is there separated from the squirrel-cage winding 12 by a 
magnetic bridge, but the brush arrangement and connections are 
such that both rotor windings are, nevertheless, fully effective 
along both axes, in normal operation, while the effect of the 
squirrel-cage winding along the motor field axis is practically 
eliminated at starting. 

Both rotor windings are always fully effective along the arma¬ 
ture axis 7, 9, because energy is at all times transmitted to them 
inductively from the stator winding 4. The windings 6 and 12 
form two secondaries to the primary 4 and the currents induced 
in them are in the same direction. The leakage fluxes set up by 
the two rotor windings along the axis 7, 9, consequently oppose 
each other within the magnetic bridge provided between said wind- 



Fig. 3—Second Stage of BK 
Development 
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ings, as roughly shown in Fig. 4. In this figure, 21 is a leakage 
flux surrounding the stator inducing winding 4; 22, a leakage 
flux surrounding the rotor commuted winding 6; and 23, a leak¬ 
age flux surrounding the “ buried ” squirrel cage. The leakage 
fluxes within the bridge tend to cancel each other, with the 
result that the squirrel-cage winding 12 becomes an effective 
secondary to the stator winding 4 and carries its full share of 
induced or armature current. 

The conditions along the horizontal or motor field axis are, 
however, exactly opposite at starting. Here the commuted 
winding 6 is the primary and is separated from its secondary 
12 by the magnetic bridge. The leakage fluxes 24 and 25 pass 
said bridge in the same direction, as indicated in Fig. 5, thus very 
materially increasing the impedance of 12 in the horizontal axis 

6 


25 


Fig* 4 —Lea kagk Fluxes Due Fig. 5 —-Leakage Fluxes Due 
to the Currents in the Arm a- to the Currents in the Field 
ture Axis at Starting Axis at Starting 

and limiting the current which can be induced therein from the 
primary (5. 

As the motor runs up to speed, the speed e.m.f. generated in 
12 , along the axis, 8, 10, tends to set up an exciting current in the 
horizontal axis of the squirrel cage, the direction of which is 
nearly the same as that of the current in the commuted winding 
along that axis, whereby the conditions always existing in the 
vertical axis are approached and the squirrel cage also becomes 
effective along the horizontal axis. 

It has already been explained that the current along the hori¬ 
zontal axis of the squirrel cage will so adjust itself near synchron¬ 
ism as to keep the motor field as constant as possible, and may 
assume quite large values. In order to obviate this condition 
and at the same time absolutely prevent all tendency of the 
machine to race, irrespective of the number of turns in the com¬ 
muted winding (1, a switch 15 is provided for short-circuiting said 
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commuted winding along the motor field axis as soon as the 
speed has reached the neighborhood of synchronism. This 
operation places the speed e.m.f. along the horizontal rotor axis 
in undisputed control of the motor field. 

The torque conditions at starting are vastly improved by the 
adoption of the arrangement shown in Fig. 3. The flux of 
mutual induction in the armature axis is very small because of 
the very low rotor impedance along that axis. Part Fi of this 
flux links with both rotor windings, part Fz links with 6 only. 
The flux of mutual induction F 2 along the axis 8 , 10, is compara¬ 
tively large because of the large impedance of 12 along that axis. 
The magnitude of the flux Fa depends on the cross-section of the 
magnetic bridge separating the two rotor windings. Fa is in 
phase with ii and therefore practically in phase with the current 
i.A induced in 6 along the vertical axis. The ampere-turns due 
to i A , induced in 6 , and those due to i 2 , induced in 12 , are both 
large, while the difference between the ampere-turns in the hori¬ 
zontal rotor axis due to and i% is large because of the very large 
leakage between the two windings. The various torques are as 
follows: 


Ti = ii . F 2 . cos a, clockwise. 
r 2 EE i x (Fi + Fz) cos (3, clockwise. 

Tz=iz. Fi . cos 7 , counterclockwise. 

Ta = ii , F 2 . cos 5, clockwise. 

Tb = ii . Fa, clockwise. 

where a, j 3 , 7 , <5 are the phase angles between the respective 
cooperating fluxes and currents. 

The resultant torque is 

T = Ti + T*+ Ta+ T 6 - Tz 

where Tz is small and T 5 is very large. 

Fig. 3 shows how the starting torque of the motor was raised 
to the desired amount and how all of the rotor copper was fully 
utilized. The next step was to improve the power factor of 
the machine, in other words, to compensate the motor. This 
has been achieved by introducing an auxiliary e.m.f. into one 
of the rotor exciting circuits for the purpose of adjusting the 
phase of the back e. m. f. of the motor by adjusting the 
phase of its motor field. This method of phase compensation 
has been fully explained by the author in prior publications, 




L915] 


FYNN: SQUIRREL-CAGE MOTOR 


2491 


for instance, in a series of articles entitled “ Phase Compensa¬ 
tion.”* 

Fig. 6 diagrammatically represents a two-pole type BK motor 
as actually built. Photographs of a completed machine are 
reproduced as Figs. 8 and 9. 

The motor consists of a rotor carrying a commuted winding 
6 located in a number of partly open slots 18 placed near the 
outer periphery of the rotor laminations 16, as shown in Fig. 7, 
and also a squirrel-cage winding the bars 11 of which are located 
in holes 17 provided in the rotor punchings and interconnected 
at each end by means of conducting end rings 12. The holes 
17 accommodating the squirrel-cage winding are so placed 
as to be separated by a certain amount of magnetic material 

20 from the slots 18 carrying 
the commuted winding. In 
Fig. 6 the brushes 7, 8, 9, 10, 
which in practise cooperate 
with a commutator, well seen in 
Fig. 9, are here shown as rest¬ 
ing on the winding 6 itself, thus 
eliminating all questions as to 
how the commutator is con¬ 
nected to the winding. The 
stator carries a main inducing 
winding 4 and a coaxial com¬ 
pensating winding 5, usually 
provided with a tap 13. The 
main or working brushes 7, 

9, are permanently short-circuited and placed in line with the 
axis of the stator windings. The auxiliary or exciting brushes 
8, 10, are displaced by 90 electrical degrees from the short- 
circuited brushes. 

An interesting magnetic bridge construction is shown in Fig. 

10. The commuted winding 6 and the squirrel-cage bars 11 
are placed in the same slots and are separated by a solid steel 
wedge 20. This forms an inductively responsive magnetic 
bridge between the two rotor windings. Such a bridge allows 
a freer passage to the flux at starting than in normal operation, 
because of the change in the rotor frequencies. At starting, 
the rotor frequencies equal those of the supply, but are doubled 



Fig. 6—Diagram of Connec¬ 
tions of BK Type Motor 


*See Electrical World, July 5, July 12 and July 19,1913. 
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at synchronism. The laminated bridge, as shown in Fig. 7, 
is, however, much easier to make and is mostly used. All re¬ 
marks in this paper relating to the magnetic bridge are there¬ 
fore to be taken as applying to the laminated construction 
shown in Fig. 7, unless the solid bridge is specifically referred to. 

The BK motor is operated as follows: 

At starting, the main stator winding 4 is connected across 
the mains 2, 3, in series with the commuted rotor winding 6 
by way of the exciting brushes 8, 10. The brushes 7, 9, are 
short-circuited, and the circuit of the winding 5 is open, this 
being indicated in Fig. 6 by showing the switch 15 in its “ off ” 
position. After the motor has reached its normal speed, switch 
15 is placed either on point 13 or on point 14. If connected to 
the tap in the compensating winding 5, the machine will operate 
with unity power factor under most loads. If switch 15 connects 
brush 10 to the end 14 of the compensating winding 5, then the 



Fig. 7—Laminated Mag¬ 
netic Bridge between the 
Two Rotor Windings 



Fig. 10—Inductively Re¬ 
sponsive Magnetic Bridge be¬ 
tween the Two Rotor Wind¬ 
ings 


machine will operate with leading power factor at no-load and 
with unity power factor at full load. As a rule these machines 
are directly connected to the mains at starting, but an ordinary 
starting resistance, such as used in direct-current practise, 
may be and sometimes is interposed during this period. 

In practise, the circuit of the compensating winding 5 is closed 
by means of a small centrifugal switch located at the commutator 
end of the motor shaft and clearly seen in Figs. 8 and 9. This 
switch interconnects two contacts when the motor has reached 
a nearly synchronous speed; one of these contacts is connected 
to brush 10 and the other to the terminal 13 or 14 of the com¬ 
pensating winding 5. But it must be well understood that the 
operation of the machine does not depend on the proper working 
of this switch to any material degree. If the switch fails to 
close the compensating circuit, then the machine will, at no- 
load, exceed its synchronous speed to the extent of a few per 





„ - 


Fig. S—Assembled BK Motor 


Fig. 9—Dismembered BK Motor 








1916] 


FYNN: SQUIRREL-CAGE MOTOR 


2493 


cent and will, at fractional loads, operate with a lower power 
factor and efficiency than would be the case with the centrifugal 
switch closed. One of the most interesting features of this ma¬ 
chine is the fact that its no-load speed is strictly and automati¬ 
cally limited, without the help of any mechanical devices. 
The two rotor windings occupy such relative positions and the 
brushes cooperating with the commuted ^winding are so located 
and connected, that both rotor windings are always effective 
along the axis of the main inducing winding 4, while the squirrel 
cage along the exciting axis is rendered ineffective at starting 
but increases its influence with increasing speed and becomes 
the controlling and speed-limiting factor at or near synchronism. 

Design 

It has been found that the lines on which single-phase squirrel- 
cage motors are usually designed can be followed in the case of 
the BK machine, and that the BK output obtained from a 
given frame is at least equal to that which can be secured there¬ 
from with a standard squirrel-cage rotor, which indicates that 
the losses necessarily introduced by the BK commutator are 
outweighed by the better utilization of the copper and the 
more uniform flux distribution. 

The novel design problems arise in connection with the 
selection of the commuted winding constants, the dimensioning 
of the magnetic bridge located between the two rotor windings, 
and the phase compensation. 

The rotor copper is, as a rule, so distributed as to make the 
full load losses in the commuted winding about equal to those 
in the squirrel cage. The number of turns in the commuted 
winding is then selected so as to avoid sparking, reduce the brush 
current to as small a value as possible, and get the best possible 
torque per ampere for a given stator winding and size of magnetic 

bridge. . . , 

Because of the presence of the squirrel-cage winding, t e 
number of turns per commutator segment can be kept high, 
without impairing the commutation. Six turns per segment 
have been used in small motors, while two still give good results 
in 6-pole, 15-h.p. machines. The permissible commutator 
diameter settles the maximum number of segments and therefore 

the minimum brush current. . x 

The static torque varies with the ratio of effective stator to 
effective rotor conductors, or turns,' in the manner indicated in 
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Fig. 11. The curves shown were obtained from a standard 
5-b.h.p., 60-cycle, four-pole, 220-volt motor, connected as 
shown in Fig. 6, but with the addition of a series transformer 26 
between the main stator winding 4 and the exciting brushes 
8, 10. The ratio of stator to rotor ampere-turns was varied by 
varying the transformation ratio of the series transformer. 
It is seen that while the current taken at starting increases all 
the time with increasing ampere-turn ratio, the starting torque 
rises rapidly at first, reaches a maximum, and then decreases 
slowly. The maximum is reached for an ampere-turn ratio 
near 2. The torque per ampere changes very little up to 
a turn ratio of about 2.5. For a 220-volt stator the best ampere- 



Fig. 11—Static Torque Plotted against Ratio of Effective 
Stator Turns to Effective Commuted Rotor Turns—Motor A 

turn ratio lies in the neighborhood of 1.75. Beyond that point 
the torque per ampere begins to decrease. 

If the rotor turns determined in this manner are unsuitable, 
for instance, because of expected sparking trouble or excessive 
current per brush pin, then a sacrifice in starting performance 
must be accepted or a series transformer permanently inter¬ 
posed between stator and rotor. 

This sacrifice is, however, usually small, and it has often 
been found possible in practise to design a rotor so that it can 
be used with stators which are wound to allow of being con¬ 
nected for 110 and 220 volts, or for 220 and 440 volts. The 
most perfect results are, however, obtained by permanently in- 
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terposing a small series transformer between rotor and stator; this 
procedure makes it possible to design the rotor commuted 
winding to the best advantage without reference to the stator 
voltage and makes one rotor design available for all terminal 
voltages. The corresponding connections are shown in Fig. 12. 

The shape and general characteristics of the torque and 
current curves shown in Fig. 11, remain the same with varying 
distribution of the magnetic material in the rotor, but their values 
change. To speak more precisely, an increase of the “ bridge 
coefficient ” brings about, at any turn ratio, an increase in start¬ 
ing torque and a decrease in starting current. The term “ bridge 
coefficient ” is arbitrarily applied to the ratio of the reluctance 

of the flux path through the 

- — laminations located between 

4 the squirrel-cage bars to the 

26 reluctance of the flux path 

_ through the magnetic bridges 
.— » 0 ~~~ 

r—7—^=====j- 3 separating the commuted 



Fig. 12—Diagram of Connections 
of BK Type Motor with Series Trans- 


hq pl 

f -i t k 

PlG. 13 


from the squirrel-cage winding. Referring to Fig. 13, the 
bridge reluctance is 


and the squirrel-cage tooth reluctance 


where z is the number of rotor-teeth per pole. 

The ratio : Ri when corrected for flux densities is the 
“ bridge coefficient ” referred to above, and has been found 
to be a measure of the starting torque to be obtained with a 
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given rotor design. The flux densities referred to, are those in 
the horizontal, or motor field axis, at the moment of starting. 
The flux through the magnetic bridges is the leakage flux 24 
of Fig. 5, or F 4 of Fig. 3. The flux through the squirrel-cage 
teeth of Fig. 13 is the flux of mutual induction F 2 of Fig. 3. 

The bridge coefficient in Fig. 11 is 0.006, and the machine does 
not race for any ratio of stator to rotor turns. In other words, 
the motor does not exceed the synchronous speed by more than 
a few per cent, in case switch 15 of Fig. 6 is not closed after the 
machine has started. In this particular case the motor hangs 
at 1825 revolutions, for a turn ratio of 1.6. As the bridge coeffi¬ 
cient is increased, “ racing ” first occurs for low turn ratios; 
for very large bridge coefficients the machine “ races ” at all 
turn ratios. Ample starting torque for all practical purposes can, 
however, be secured with bridge coefficient and turn ratio com¬ 
binations for which no racing takes place, the speed of the ma¬ 
chine being limited to the immediate neighborhood of the 
synchronous without the help of any mechanical contrivances. 

The next point of interest is the selection of the compensating 
e.m.f. to be introduced into one of the rotor exciting circuits. 
It cannot be too strongly emphasized that the only reason for 
introducing this e.m.f. into said circuit is to change the phase 
of the field in the axis 8, 10, and thus affect the power factor of 
the motor. It is well established that the motor shown in Fig. 
3 will operate at a speed in the immediate neighborhood of 
synchronism, with switch 15 closed or open. It does so operate 
because a speed e.m.f. is generated in each of the windings 6 and 
12, which is in quadrature with the working e.m.f. induced in the 
rotor along the axis 7,9, and therefore of proper phase to produce 
the motor excitation. When either of these windings is closed 
along the axis 8, 10, an exciting current will circulate therein 
along said axis and produce the motor field. When both wind¬ 
ings are closed along 8, 10, then each contributes to the produc¬ 
tion of the motor field. No additional exciting e.m.f. is there¬ 
fore needed unless it is desired to change the speed of the machine. 
To change the phase of the field along the axis 8, 10, without 
affecting the motor speed, it is necessary to inject into one or 
both windings an e.m.f. which is, in phase quadrature with the 
speed or exciting e.m.f. The line e.m.f. is. practically in phase 
quadrature to the rotor exciting e.m.f., is very easy of access, 
and is usually utilized, for instance as shown in Fig. 6. The 
change in the phase of the flux along 8, 10, produces a phase 
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change in the rotor back e.m.f. generated along 7, 9, by rotation 
in said flux. This brings about a change in the phase of the 
rotor current along 7,9, and finally a phase change in the stator 
current with relation to the terminal e.m.f. and therefore a 
change in power factor. To produce unity power factor in the 
rotor along the axis 7, 9, it is necessary, neglecting the lag due to 
rotor leakage fluxes, to make the lag between flux and exciting 
e.m.f. along 8, 10, equal to 90 degrees. The compensating e.m.f. 
necessary to achieve this result equals the ohmic drop in the 
rotor along 8, 10, because it is the ohmic resistance of the excit¬ 
ing winding which causes the flux to lag by less than 90 degrees 
b ehin d the speed e.m.f. But in order to produce unity power 
factor in the stator, while also rieglecting the lag due to stator leak¬ 
age fluxes, the compensating e.m.f. should be increased to the ex¬ 
tent of producing in the rotor axis 7, 9, a leading current com¬ 
ponent equal to the stator magnetizing current. If a leading sta¬ 
tor current is desired, then the compensating e.m.f. should be still 
further increased. The magnitude of the compensating e.m.f. 
therefore depends on the rotor resistance, the stator magnetizing 
ampere turns, and on the leakage fluxes. To obtain unity power 
factor at no-load, the compensating e.m.f. should be from about 
6 to 30 per cent of the speed e.m.f., the small value being necessary 
in the case of large, the large value in the case of small ma¬ 
chines. The greatly increased per cent value of the compensat¬ 
ing e.m.f. for small-motors is brought about in the main by the 
greater relative rotor resistance of the smaller machines. 

Before the compensating e.m.f. is introduced into the winding 
6 of Fig. 3, short circuited along the axis 8,10, each of the rotor 
windings carries exciting current, and the volts per turn in each 
are the same. When the compensating e.m.f. is introduced into 
the winding 6, its volts per turn increase, thus increasing the share 
it takes in the production of the flux along 8, 10. A sufficient 
increase of the compensating e.m.f. will even cause all the cur¬ 
rent in the axis 8, 10, to concentrate in the winding 6. The 
squirrel cage will, however, oppose an increase of the flux along 
8, 10, beyond that value which corresponds to the speed e.m.f. 
exclusive of all impedance losses. This sets a limit to the no-load 
power factor which can be secured in the BK motor, and gives 
the no-load power factor curve the peculiar slope shown in Fig. 
14, The curves shown in that figure were obtained on a 5-b.h.p. 
60-cycle, four-pole, 220-volt BK motor; curve 27 corresponding 
to a low-resistance rotor with a bridge coefficient of 0 . 01 , curve 
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28, to one with a higher resistance and a bridge coefficient of 
0.006. 

In view of the oft-repeated statement that an e.m.f. derived 
from winding 5 of Fig. 6 and introduced into the field axis of a 
machine of the general type shown in Fig. 6, should be considered 
as an exciting and not a compensating e.m.f., it is of particular 
interest to state that the speed of the motor under test did not 
vary appreciably , as said e.m.f., which the author insists is a com¬ 
pensating e.m.f., was raised from zero to 27.5 per cent of the rotor 
speed e.m.f., or of that which is responsible for the actual ex¬ 
citation of the motor. Such an increase in exciting e.m.f . should 
have materially lowered the motor speed; as a matter of fact, the 



Fig. 14—No-Load Power Factor Plotted against Compensating 
Voltage Given in Per Cent of Exciting Voltage—Motor A 

motor speed with high compensation is somewhat higher than 
■with none at all, and the same holds true for a motor without a 
squirrel cage. In order to affect the excitation of a single-phase 
motor with shunt characteristic, it is necessary to introduce into 
the exciting circuit an e.m.f. in quadrature with the working e.m.f. 
and therefore in quadrature with the line e.m.f. An e.m.f. of 
same phase as the line e.m.f. only affects the power factor of the 
machine. 

Performance 

To give an idea of the manner in which BK motors operate in 
practise, test results of three different motors will be discussed. 
For the sake of differentiation ? these machines will be referred to 
as B ? C and D t 
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Figs. 15 to 21, inclusive, refer to motor B, which is a single¬ 
phase, 5-h.p., 60-cycle, four-pole machine, wound for 220 volts, 
with a synchronous speed of 1800 rev. per min. The two rotor 
windings of this machine are separated by a solid inductively- 
responsive magnetic bridge, such as is shown in Fig. 10. The 
speed torque curve of this motor is shown in Fig. 15, power 
factor and current values being given for all speeds. It will be 
seen that the static torque exceeds the normal by about 47 per 
cent, and that the machine, in the starting connection, reaches 
a maximum speed of 1840 rev. per min. The static starting 
torque is obtained with 3.4 times the normal current, or at the 
rate of full-load torque for 2.3 times full-load current. The full- 



Fig. 15 —Speed-Torque Curve in Starting Connection of BK 

Motor B 

load current upon which these figures are based, is that corres¬ 
ponding to the operation of the machine in running connection, 
and with normal compensation, i.e ., with practically unity power 
factor. It will be noted that the torque curve is such as to enable 
the machine to accelerate rapidly. 

Should the operator or the centrifugal switch 15 fail to close 
the compensating circuit after the machine has reached a speed 
near the synchronous, then the performance of the motor, if 
required to drive a load under such conditions, will be as shown 
in Fig. 16. The high power factor in this connection is due to the 
fact that the main inducing stator winding is connected in series 
with the rotor along the field or exciting axis. It is seen that 
it would be perfectly safe to operate the machine in this connec- 
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ftion, but there is no doubt that the mi--- 

^compensating circuit is closed. Fig. 17 gives all the dat 
case when normal compensation is applied to the exciting 



Fig. 16 —Starting Connection Performance near Syk 
of BK Motor B 


.-and indicates that the performance of the machine urn 
^conditions is eminently satisfactory. When the connec 
changed so as to increase the compensation to the m 



Fig. 17- 


-Running Connection Performance of BK M 
with Normal Phase Compensation 


rves alter somewhat, as show 
3 is that the power factor, w 
the working range in the case < 


then the performance cuj 
18. The main difference 
close to unity throughout 
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compensation, is now leading at fractional loads, up to nearly 
full load, when it comes down to unity. With this greater com¬ 
pensation the efficiency is not quite as high as for the case of 
normal compensation. This is in no. way surprising, for, with 
maximum compensation, the machine is not only called upon to 
to operate as a motor but also to act as a condenser, and its 
efficiency must suffer unless it is made larger. The difference 
between the two curves is, however, so small, and the advantage 
of having the motor act as a condenser when not working at its 
maximum as a motor, so great, that maximum compensation is 
often preferred. 



Fig. ig—R unning Connection Performance of BK Motor B 
with Maximum Phase Compensation 

The next three figures show that many accidents can happen 
to the machine without causing it to break down. 

Should the exciting circuit through the commuted winding be 
interrupted by the wearing down or the breakage of all the excit¬ 
ing brushes of one or both polarities, as indicated in the con¬ 
nection diagram shown in Fig. 19, then the power factor of the 
machine would be considerably reduced, its efficiency would 
suffer to some extent, but the overload capacity would remain 
practically unimpaired, as well shown by the several curves of 
Fig. 19. 

The performance of the motor would be curtailed to the 
extent indicated by the curves of Fig. 20, in case all the working 
brushes of one or both polarities lose contact with the com¬ 
mutator, as indicated in the connection diagram forming part 
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of Fig. 20. But, even under these conditions, the machine would 
still be in a position to deal with its full-load torque, although with 
greatly reduced overload capacity. 



Fig. 19 —Running Connection Performace of BK Motor B with 
Interrupted Compensating Circuit 

Should the working and the exciting circuits through the com¬ 
muted winding be interrupted at the brushes or elsewhere, as 
indicated in the connection diagram attached to Fig. 21, then 


Fig. 20 —Running Connection Performance of BK Motor B 
with Interrupted Commuted Armature Circuit 

the overload capacity of the machine would also be greatly 
reduced, but the motor wnuld still be able to deal with about 
5| h.p. ,or just over its full-load rating. In this case the effi- 
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ciency is a little less and the power factor much worse than m 
the case of Fig. 20. 

It is not at all likely that any of the conditions under which 
the tests corresponding to Figs. 19, 20 and 21 were taken, will 
ever occur in practise, but it is interesting to note that the ma¬ 
chine will not be entirely crippled even if all the commuted wind¬ 
ing circuits are interrupted and it is forced to rely on the 
squirrel cage only. 

Figs. 22 to 24 inclusive, refer to motor C, which is a 
single-phase, 5-h.p., 60-cycle, six-pole machine, wound for 220 
volts, with a synchronous speed of 1200 rev. per niin. The two 
rotor windings of this motor are separated by a laminated bridge, 



p IG 21 —Running Connection Performance of BK Motor R 
with Interrupted Compensating and Commuted Armature Circuits 

such as shown in Fig. 7. The speed-torque curve of this machine 
is shown in Fig. 22, together with the corresponding values oi 
current and power factor. It is seen that the starting torque 
is 55 per cent in excess of the full-load torque, and is obtained 
with 3.6 times the full-load current, which is at the rate ot 
2.3 times normal current for full-load torque. The full-load 
current upon which these figures are based is that corresponding 
to normal compensation, under which conditions the machine 
operates at unity power factor. This motor does not race 
in its starting connection, but reaches a speed exceeding the syn¬ 
chronous by 70 rev. per min., running light at 1270 instead of 
1200 rev. per min. The speed-torque curve has the same 
general character as that secured with the solid bridge used m 
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the four-pole machine B. The performance of this motor C 
with normal compensation is very satisfactory, as evidenced by 
the curves shown in Fig. 23. If the compensation is raised so 



Fig. 22—Speed-Torque Curve in Starting Connection of BK 

Motor C 

as to cause the motor to take a leading current at no-load, then 
the performance changes to that shown in Fig. 24; the increased 
compensation produces leading power factor at fractional loads, 



Fig. 23— Running Connection Performance of BK Motor C 
with Normal Phase Compensation 

lowers the efficiency, and increases the overload capacity of the 
machine. 

Figs. 25 to 28 inclusive give similar data for a much larger 
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Another interesting fact disclosed by Figs. 26 and 27, is that 
the current Is circulating through the commuted winding along 
the exciting axis does not change materially with changing load. 
It might appear at first sight that, when connected as shown in 
Fig. 27, the rotor exciting circuit is in series with the stator 
inducing winding, and that this series connection must be 
responsible for a compounding of the motor field; in other words, 
for an increase in exciting current proportional to the increasing 
load and a consequent rapid decrease in speed. The fact is, 
however, that, after switch 15 is closed, the full line voltage is 
impressed on the stator winding 4 in series with the compensating 
winding 5, or a part of it, and the voltage derived from said 



Fig. 28 —Speed-Torque Curve in Running Connection of BK 
Motor D with Maximum Phase Compensation 

compensating winding, or a part thereof, is impressed on the 
rotor exciting circuit 8, 10. The stator windings 4, 5, act as 
the primary, and the winding 5, or a part of it, as the secondary 
of an auto-transformer. That the stator load current takes 
its way through the compensating winding 5, and not through 
the rotor, is clearly shown by the variation of the current J 4 
in winding 5. The compensating winding carries two currents, 
a practically constant exciting current, closing through the 
brushes 8, 10, and the variable stator load current.. These two 
currents are of almost opposite phase and I 4 is their resultant. 

Fig. 28 is of particular interest in that it shows that the BK 
motor is also able to start with a fairly powerful torque in its 
normal running connection. Under these conditions the starting 
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current is, of course, quite large, but this possibility is not with¬ 
out practical significance, for in many cases it is of advantage 
to be able to start and run a motor without any change o con- 
nections being necessary. Fig. 28 shows that, with switc 
in the maximum compensation position, the motor is a e 
to develop a static torque equal to 63 per cent of the ful - oa 
torque. 
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Discussion on “ Single-Phase Squirrel-Cage Motor with 
Large Starting Torque and Phase Compensation ” 
(Fynn), St. Louis, Mo., Oct. 19, 1915. 

H. Weichsel. A few words in regard to the working character¬ 
istics of this machine might be of interest. Mr. Fynn shows, 
in his paper, a series of test curves. A study of these 
curves shows that this type of machine acts very much like a 
synchronous motor. With a certain compensation the power 
factor of the machine at no-load is leading. When the load in¬ 
creases, the power factor approaches unity, and with still further 
increase of load, the power factor goes slightly below unity. An 
over-excited synchronous motor shows exactly the same behavior. 

By changing the magnitude of the compensating voltage, the 
power factor of the BK machine can be changed in exactly the 
same manner as this can be done in a synchronous motor by 
changing the d-c. excitation. 

Increasing the compensating voltage of a BK motor, increases 
the power factor, but slightly decreases the efficiency. This also 
has its parallel in a synchronous motor which decreases its effi¬ 
ciency with increasing excitation. 

The synchronous motor and BK motor are therefore as far as 
operating characteristics are concerned, fully identical with one 
exception that the BK motor does not run at synchronism. 

The BK motor makes use of a commutator. A detailed study 
of this machine, shows, however, that its commutating properties 
must be superior to other a-c. commutator motors. Some of the 
most important reasons for this superiority are: 

First; the commutator carries a comparatively light current, 
due to the fact that the greatest part of the working current is 
flowing in the squirrel-cage winding. 

Second; due to the squirrel cage, it will be found that this 
machine is not very sensitive to higher harmonics in the line 
voltage. 

Any other single-phase commutator motor I know of, shows 
quite noticeably, poorer commutation when connected to 
a line voltage which contains higher harmonics, than when 
operating from a line the voltage of which follows the sine law. 

The commutation of the BK motor is hardly influenced by 
higher harmonics in the line voltage, on account of the squirrel 
cage, which has the tendency to cancel all the magnetic fields 
which the higher harmonics of the line voltage tend to produce. 
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THE CALCULATION OF THE LONG-DISTANCE 
TRANSMISSION LINE UNDER CONSTANT 
ALTERNATING VOLTAGE 


BY GEORGE R. DEAN 


Abstract of Paper 

By separating real quantities and imaginaries in the general 
solution of the differential equations which express the relations 
which exist between the current and voltage at any point of a 
transmission line, the components of current, 1 i, and I 2 , and the 
components of voltage, Vi and T 7 2 , are expressed as rational func¬ 
tions of the four quantities 

cosha xcospx, sinha xsinpx, sinha xcospx , cosha xsinpx. 

Denoting these respectively by Q u Q 2 , Qz, Q 4, we have 

Vi = A\ Qi — A 2 Q 2 + Bi Qz — B 2 Qi, 

V 2 = A 2 Qi -f* A 2 Q 2 4 * B 2 Q3 4 * Bi Qi, 

Ii = Ci Qi — C 2 Q 2 -\r Bi Qz — D 2 Qi, 

In = C 2 Q\ + Ci Qi + D 2 Qz -f* BiQi, 

where x is the distance of any point, in the line from some 
fixed point in the line chosen as origin, a and /S are certain 
functions of the line constants, and A i, B 1 , Ci, Di, A 2 , B 2 , C 2 , D 2 
are constants determined by the given terminal conditions of 
voltage, current, power and power factor. The constants Ci, 
C 2 , D 1 , D2, are expressed in terms of the others by simple re¬ 
lations developed in the paper, thus reducing the problem to 
the determination of four constants only. There must then be at 
least four independent relations. given. involving the com¬ 
ponents of voltage and current at given points, the line constants 
being known. These four relations determine completely the 
voltage and current at any point of the line. 

The values of A h A 2 , B u B 2 are determined in several special 
cases and numerical examples are worked out in full detail. 
Section I contains the solutions and formulas. Section II con¬ 
tains the numerical examples. 


Section I. Mathematical 

L ET V represent the voltage of the representative single- 
phase line, I the current, / the frequency, and p = 2 -jt f. 
Let-the constants of the line per unit length be as follows: 

R = resistance, L = inductance, C — capacity, S = leakance. 
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The current and voltage are connected by the relations 


✓O /O 

+ 

II 

/O ^ 

(i) < 

V -sv+c \ v t 

d x ot. 

(2) 1 

where 5 denotes partial differentiation. The derivation of 
these equations can be found in several places. 

When the voltage and current are simple harmonic or sinu¬ 
soidal, these equations reduce to j 

d V 

ix -W+iPUl 

(3) | 

„i -(S+iPQY 

(4) 

where 

V = Vi + j Vt, I = h+j 1 2. 

2. Solution of the Differential Equations. Differentiating 

d I 

and substituting the value of from (4) , we find 

CL X 

(3) 

-f-L = (R+jpD (s+jpc)y 

(5) 

b V 

Differentiating (4) and substituting value of ^ ' from (3), 


d 2 1 
d x 2 


(■R +jpL ) (S+jpC) I 


Let Q 2 denote (R + j pL) ( S+jPC ), so that 


d 2 V 
dx 2 


Q 2 V, and 


d 2 1 
dx 2 


= Q 2 1 


( 6 ) 


(7) 
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Thus V and I satisfy the same differential equation. The 
formulas for V and I will therefore differ only in the constants 
of integration. 

The solutions are as follows: 

V = (A i + j A 2 ) cosh Qx + (Bi + j B 2 ) sinh Qx (8) 

I = (Ci + j C 2 ) cosh Q x + (.Di + j D%) sinh Q x (9) 

where 

cosh Qx = ~ ( e Qx + e~ Qx ), and sinh Qx = — (e Qx — e~ Qx ). 

The values of cosh Qx and sinh Qx for real arguments are given 
in the Smithsonian Mathematical Tables. 

In order to separate the components of V and I we must first 
express cosh Qx and sinh Qx as complex quantities. 

Let Q = a + j /?, then since Q 2 — (R + j p L) (5 +jp C), 

we have 

(a 2 - /3 2 ) + 2 7 a )8 = (2? 5 - L C p 2 ) + j (J5 C + L 5) p. 
Whence, 

a 2 - p 2 = (RS - LC p 2 ), and 2ap = (R C + L S) p 2 

( 10 ), ( 11 ) 

Since p is positive, we see that a and @ must have like signs. 
It will appear farther on, that they are both positive. 

The algebraic solution of ( 10 ), ( 11 ), is cumbersome. The fol¬ 
lowing trigonometric solution yields the values of two other 
quantities which are necessary in the computations that follow. 

Let a = N cos £, /3 = N sin then a 2 — /3 2 = N 2 cos 2 £, 
2 a (3 = N 2 sin 2 £, by reason of the identities cos 2 f - sin 2 £ 
= cos 2 £, 2 sin £ cos £ = sin 2 £. 

_ JD 

Let R = Z cos 5, p L = Z sin 5, then Z = VR 2 + p 2 L 2 — - 


pL 

sin 5 
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Let 5 = 7 cos y, p C = Fsin 7 , then Y = V S 2 +p 2 C 2 

= 5 = p_C 

cos 7 sin 7 ‘ 

Then.RS—L Cp 2 =Z Fcos (7+5), (R C+L S) p =ZF sin( 7 + 5 ), 


and 

N 2 cos 2 £ = Z Y cos (7 + 5), N 2 sin 2 £ = Z F sin (7 + 5). 
Squaring and adding these last two equations, we find 

JV = VYY and £ = ~ (7 + 5). 


Therefore _ __ . 

a = VZ Fcos £, and /3 = vZ F sin £ 


( 12 ) 


3. Computation of numerical values of a and (3: 

Compute value of ^ 5 -■ This is tan 5. Find 5 in the table 


and take out cos S, and sin 5. 


Then 


R 

cos 5 



Compute value of This is tan 7 . Find 7 in the table, 

,S P L -rj 

and take out cos 7 and sin 7 . Then — = sin — = Y - 

Then compute n'Z Y, and — (7 + 5). Find sin £ and cos £ 

in the table. Substitute VZ Y and sin £ and cos £ in (12). 

Numerical Illustration. Taking R = 0.30, L = 0.00196, 

C = 0.0153 X 10- 6 , 5 = 0, p = 377, we find the following: 

tan 5 = 2.4600, S = 67° 53', cos 5 = 0.3765, sin 8 = 0.9264; 
tan 7 = 00 , 7 = 90°, cos 7 = 0, sin 7 = 1, £ = 78° 56' 30", 
cos £ = 0.19181, sin £ =D.98143;Z = 0.795, F = 5.77 X 10 - 6 , 

VzY = 2.14 X 10 - 3 ; a = 0.000412, j3 = 0 . 002100 . 


4. Separation of the components of V and I. We make use of 
the following identities: 

cosh (a + j / 8 ) x = cosh a x cos /3 x +j sinh a x sin j 8 x, 
sinh (a + j fi) x = sinh a x cos /3 x + j cosh a x sin jS x. 
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Or, more briefly, 

cosh (a + j j3) x = Qi +j 02, sinh (a +j (3) x = 0 3 +j 0 4 . 
Then, 

(ill + jA 2 ) cosh (a + j fix) = (AiQi — A 2 Q 2 ) 

+ j (A 1 02 + A 2 0 1 ) 

(Si + j S 2 ) sinh (a + j |8) x = (B x 0 3 - S 2 0 4 ) 

+ i (S 2 03 + -Si 0 4 ). 

Accordingly, 

Fi = (ili 0i — A 2 02) + (-Si 0a — £2 0 4 )> (13) 

F 2 = 04 1 02 + A 2 0i) + (S 2 03 + -Si 0 4 )> (11) 

and 

1 1 = (Ci 0i — C 2 02) + (Si 03 — S 2 0 4 ), (15) 

1 2 = (C 2 Ci + Ci 0 2 ) + (S 2 03 + S 1 0 4 ). (16) 

The C’s and S’s can be expressed in terms of the ^4’s and S ? s. 
For we have 

= (a + j j8) [ Ui + j A 2 ) sinh (a + j ft) x 

+ {Bi + j 5 2 ) cos (a + j ft) x], 

and 

(S + j p L) I = (R + j p L) [ (Ci + j C*) cosh (a + i /3) # 

+ (Si + j S 2 ) sinh (a + j 0) *]. 

Now 

d F 

-^=(R+JPL)L 

Therefore, equating coefficients of cosh (a + j (3) x, 

(R + j pL) (Ci + j C 2 ) = (a +j /3) (-Bi + j -B 2 ) (17) 

and equating coefficients of sinh (a + j (3) x, 

(R + j P L ) (Di + j D 2 ) = (a j ft) (Ai+ j A 2 ) 


( 18 ) 
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Substituting, 

R = Z cos 8 , p L — Z sin 5, 
a = Vz Y cos £, ]3 = VZ 7 sin £, 

( 17 ) and ( 18 ) become, 

Z (cos 8 + j sin 5) (Ci + j C») = VzT(cos | 

+ 7 sin (i?i +iJ5 2 ), 


Z (cos 5 + j sin 8) (Z>x+jD 2 ) = Vz Y (cos f 

+ jsin |) (Zi + 


Now 

cos £ + j sin £ 
cos § + j sin 5 


cos (£ - 8) + J sin (£ — 8). 


Therefore, 


Ci + j C 2 



{ cos (£ - 8) + j sin( {—8)1 (Bi+jB 2 ) 


Di + j D 2 = A/'j cos (£-8) +i sin (J - 8)} (A x +j A 2 ). 
Separating real and imaginary quantities, 

Ci = a/-j- {£i cos '( $ - 8) - £ 2 sin (I - 8)} ( 19 ) 


C 2 — A/ sin (£ — 5) + Z? 2 cos (£ — 5)} (20) 

Di = A^"—{ A i cos (£- 8) - Z 2 sin (£-8)} (21) 


D 2 = \/-L {Ai sin (£ - 8) +A 2 cos (£ - 8)} (22) 
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Squaring and adding ( 19 ) and ( 20 ), 

Ci 2 + Ci = -L {B? + 5 2 2 ). 


Likewise from ( 21 ) and ( 22 ), 

DJ + D<? = {A? + AS). 


And by obvious processes, 

C X D X + C,D, = -I- {AiBi + A t B t ), 


f 


C 2 L )1 — Ci D 2 


Y_ 

Z 


{A 1 B 2 — A^Bi). 


These formulas will be found useful in the next section. 
5. Calculation of Power Lost in the Line. 


; is 


(a) The dielectric loss is I 5 V x 2 dx where Fris the effective value 




( b ) The conductor loss is I R If dx where I x is the effective 


value. 

It must be borne in mind that the constants A u A 2 , B 1 , B 2 , 
are different for different positions of the origin. If the middle of 
the line were chosen as origin the integration would be between 


l « l 
2 and_ 2‘ 

The evaluation of these integrals requires a good deal of pains 
but not much ingenuity. Squaring the expressions for Fi and 
V 2 in ( 13 ) and ( 14 ) and making use of the identities, 

2 sinh 2 ax = cosh 2 ax — 1, 2 cosh 2 ax = cosh 2 ax + 1, 

2 sin 2 x = 1 — cos 2 /3 x, 2 cos 2 /? x = 1 + cos 2 x, 


I 




I 
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we find that 


V x 2 = ~ {A{- + A,} + Bi + B^) cosh 2 ax 

+ {A i Bi + A 2 B 2 ) sinh 2 ax 
= | {Ax 2 + Ai - Bi - Bi 2 ) cos 2 0 x + (^2 - A 1 Bi) 

sin 2 j3 x. 

sinh 2 ax (. 1 n , cosh 2 a % 

-’ I smh 2 ax ax = --x- 

a; I 2 a 

sin 2 fix. 


Now 




cosh 2 a x dx = 


sinh 2 ax dx = 




2 13 


Therefore 




5 F* 2 dx = • 


(-4i 2 + ^2 2 + B i + 5 2 2 ) 


sinh 2 al 


a 


+ (.4j 2 + ,4 2 2 - 5: 2 - 5 2 2 ) 


sinh 2 j8‘ 

(3~ 


J 


+ 2 (4x 5! + 4, S 2 ) ( COsh 2 - ) 

- 2 (A 1 B 2 - A i B 1 ) ( 1 ~ C ° S 2 ^ ) 


( 23 ) 


(5) The loss in conductors: Substituting C’s for ^4’s, andD’s 
for jB’s in the expression for F* 2 , and using the formula at the 
end of Article 4, we find 




•4 

R I x 2 dx = 


R Y 


{(Ai + AS + 5i 2 + Bi) s iHL? aZ 

L a 

sin 2 jSZ 


4 Z 

- G4i 2 + ^2 2 - 3i* - Bi) 


P 


+ 2 (AxBi + A2B2) (- 0 - sh2 a a/ -- 1 ) 

- 2 (4 X S 2 - A 2 Bi) C ° - 2 )] 


( 24 ) 
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(c) Formula for the total loss: Since S = Y cos 7 , and 
R — Z cos 5, we have 

S + R £ - = 2 Y cos I (7 + 5) cos I (7 - 5), 

• 5- = 2 Y (- sin (7 + 5) sin y ( 7 - 5)). 

Ari sin g (23) and (24), and denoting the dielectric loss byP s 
and the conductor loss by P E , we find after a little reduction, 

Ps + Pr = ^ ^ ~Z~ [ C0S \ ^ ~ ^ I ^ 

+ A 2 2 + Pi 2 + P 2 2 ) sinh 2 al 
+ 2 04iPi + A 2 B 2 ) (cosh 2 al — 1) | 

+ sin 4 (7 - 8 ) | (Pi 2 +S 2 2 - ^ 2 2 ) sin 2 /3/ 

+ 2 (d^j- i4*Bi) (1- cos 2 j3Z) }•] (25) 


Special Cases. 

6. The most useful form of solution appears to be that in 
which the coefficients are expressed in terms of the voltage, cur¬ 
rent, and power factor at the receiving end. 

Let Ed + j 0 be the receiver voltage, 

7 0 (cos 6 + j sin 0), the receiver current. 

Then, taking origin at the receiver end, 

h = la cos 0, h = Io sin 0, when x = 0; 

Vi = £ 0 , Vi = 0, when x = 0; 

<2i = 1 ,Qi = 0, Qz = 0 , Q, = 0 , when x = 0. 

Substituting in ( 13 ), ( 14 ), ( 15 ), ( 16 ), there results 

Ai= Eo,Ai = 0, Cj = la cos 0, C 2 = Io sin 0. 
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The general formulas now appear 

Vi = <2i + (B l Q 3 - B , Q t ), 

V 2 = -Eo Q 2 + (Bi Qs + Bi Q t ), 

I\ — 1$ (Qi cos 8 — £>2 sin 8) -|- ( D\ Q 3 — D 2 Q 4 ), 

h = Jo (Qt cos d + Q 1 sin 8) + (D t Qz + Di Qd, 

We have yet to find the value of B\, B 2 , D\ and D 2 . 
Substituting the values of A u A 2 , C 1 , C 2 in (19), (20), (21 
and (22), 

Bi cos (£ — 8) — B 2 sin (£ — 5) = \/• J 0 cos 8, 

B\ sin (| - 8) + B 2 cos (£ — 5) = -y- • 7 0 sin (9. 


Solving these two equations for B 1 and B 2 , 

B-l - Jo S /-cos (8 — £ + <5), and 

B 2 = Jo V'-p- sin (0 — £ + 5). 

The formula (21) and (22) give at once 

Di = E 0 V —cos (£ — 5), andDi = E 0 \/ -^-sin (£ — 5). 

Formulae (19), (20), (21), (22) now become 

Fi = £ 0 Qi + Jo | Q$ cos (8 — £ + 5) 

- £ 4 sin (8- £ + 5) J- (26) 
V 2 = E 0 Q 2 + Jo V -| Q-i sin (6 — £ + 5) 

+ cos (8 — £ + 5) J- (27) 
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h = E 0 \/-L | <2s cos (f - 5) - <2, sin (£ - 5) J- 

+ J 0 (<2i cos 8 — Qi sin 0) (28) 

J 2 = E 0 V-|- | <2s sin (£ t 5) + Q 4 cos (| - 5) } 

+ Jo (0i sin 0 + 02 cos 0) (29) 

N. B. If the current in the receiver is lagging, 0 is negative . 
Eo, Jo, cos 0 may represent the voltage, current, and power 
factor at generator terminals, if x be taken negative, so that 
03 and 0 4 are negative, while 0i and 02 are always positive. 

( a ) If the line is open at the receiver end, J 0 = 0, and then 

Vi « Eo 0i, and V 2 = E 0 0 2 , (30) 

I^EoV-j- | Qs cos (£ — 5) — (? 4 sin (£ — 5) l 

I 2 =£ 0 V / -^- | <23 sin (^ — 5) +C?4 cos (f — S') | (32] 

Squaring and adding (30), 

‘ Fi 2 + F 2 2 = Eo 2 (0i 2 + 02 2 ). 

To reduce the right member, we use the following identities, 

2 cosh 2 ax = cosh 2 ax + 1, 2 sinh 2 ax = cosh 2 al — 1, 

2 sin 2 (31 = 1 — cos 2 /3Z, 2 cos 2 j3Z = 1 + cos 2 f3L 
Thus 

0i 2 + 02 2 = -w ( cos ^ 2 #x + .COS 2 /?x), 

and 

E x = E 0 V™ (cosh 2 ax + cos 2 /3x). 

Squaring and adding (31), and (32), gives 
12 + I 2 2 = £ 0 {<23 2 + <24 2 } 


( 33 ) 
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which, when reduced by means of the identities above, is 


i x = E 0 V -i- yU 


(cosh 2 ax — cos 2 /3x). 


Which, by (33), gives 

t - t? \/ Y \/ cosh 2 al - cos 2 f3l /OErN 

1q = &Q V —V -r—r——- —(35) 

Z cosh 2 a/ + cos 2 p/ 

Io is the so-called charging current. Its components are given 
by formulas (31) and (32). 

To find the power consumed in the unloaded line we evaluate 
V x 2 dx and P R I x 2 Jx. 


Using formulas ( 30 ), we find 


p _ _ E g 2 _ j sinh 2 al , sin 2 (31 \ /or7N 

s “ cosh 2 al + cos 2 / 3 / ( 2 a + 2 (3 ) 


Using formula ( 35 ), 


P R = 


Z (cosh 2 a/ + cos 2 (3l) (2a 


sin h 2 al sin 2 


The total loss is given by 

2 \/ —-I sinh 2 al cos | ( 7 -g)— sin 2 /3Z sin| ( 7 - 6 ) 
17 2 i cosh 2 aZ + cos 2 /3Z 


(i) When the line is short-circuited at the receiver end, we 
have E x = 0 , when x = 0 , and the formulas ( 26 ), ( 27 ), ( 28 ), 
( 29 ) become 

Vx = Jo ^/ ~ — | <2s cos ( d - £+5) - Q t sin ( 0 - £-f 5 ) l ( 41 ) 
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Y r? * / cosh 2 al + cos 2 j 81 \ 
T \ cosh 2 al - cos 2 pi ) 


(47) 


In order to find the components of V and I we must first find 
the value of 6. Since we are taking the receiver voltage as the 
zero vector, we have 

V 2 — 0, when x = 0. 

And since the pow r er at x = 0 is zero, we have 1 1 = 0 when 
x = 0. This gives 

<2i cos d — Q 2 sin 6 = 0, when x = 0. 

But Qi = 1, when # = 0; and Q 2 = 0, when x = 0. 

Therefore, cos d — 0, 6 = 90°, sin 0 — 1, and ( 41 ), ( 42 ), ( 43 ) 
( 44 ), become 

Vi x = io V'-y- j^ssin (I- 5) - <2 4 COS ($- 5) | (48) 

















1 
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V 2x 



Qz cos (£ — 5) + (2 4 sin 



(49) 


I\X — — 10 Q 2 , 12x = 7 0 Qi (50) 

The power input is I lg Vi Q + I 2g V 2ff , and is consumed mostly 
in the conductors. The separate losses are found by changing 
signs in formulas (37), (38), and the total by changing signs in 
(39). 

(c) Given generator terminal voltage and receiver impedance . 

jr> 

Let R 0 + jX 0 be the given impedance; then where 

Zo 

Z 0 = V]tf + Xx 2 , is the power factor and the value of cos 6 

in formulas (26), (27), (28), (29).- - is the value of sin 0. 

The values of the Q’ s having been computed for x = l, and 
the values of £ and 5, the formulas become 

Via — -Eo Qi 4" M Joj V 2g ==: -Eo Q 2 + N Jo, (51) 

I lg = E 0 H + K 7 0 , I 2g = E 0 F + G 7 0 , (52) 

where M, N, F , G, H and are known numbers. 

Since Eq = Z 0 7o, (51) and (52) may be written 

Fi, = M' Io, V 2g = N' 7 0 , 7 Xg = •£' 7 0 , 7 2 gr — G r 7 0 , (53) 

where ikf', N f ,K f and G' are known numbers. 

Since 

iV 7 

Fi„ = £„ cos cp, and F 2 „ = sin p, we get tan p = —, whence 
0, sin p, and cos <£. Then 


and by (63) 


E g cos p Eg sin p 
M' W 


K. f 

^^-0 COS (j), I%g 


(j__ 

N' 


E, sin p 


(64) 


( 66 ) 


Eg being given and sin p and cos p being determined, the 
problem is solved. 
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(d) Given power and power factor at receiver and loss in line. 
The impedance of the receiver is not known, but is to be deter¬ 
mined. The value of sin 9 and cos 9 being known, and that of 
Eo I o cos 9 which we denote by P 0 , and the known loss by P, 
we have from (51) and (52), 

(Eo Qi + MIf) (£ 0 H + K If) + (E 0 Q 2 + N If) (E 0 F + G If) 

= P + Po (67) 

P 

Now E 0 = —z .—^—-5 . Therefore, by substitution in (55) an 
1 0 cos 9 

algebraic equation of the fourth degree is obtained which may be 
solved as a quadratic, and has at least one real positive root. 

(< e ) Line loss a minimum with given power factor and power. 
Differentiating (57) and equating to zero, because dP = 0 
at a maximum or minimum, we get an equation of the form 

(AE 0 + Bio) dEo + (CEo + D If) dI Q = 0, 

Since E 0 1 0 is constant, 

Iq d Eq T" Eo d Iq — 0. 

Eliminating the differentials. 

A Eo 2 + (B - C) Eo 1 0 - D Io 2 = 0. 

which, with Eo 1 0 = constant, determines E 0 and / 0 . 

There are two values of E 0 and two of J 0 corresponding, one 
pair corresponding to the maximum power, the other to the 
minimum. 

(/) Given electromotive force between generator terminals , im¬ 
pedance between generator terminals and receiver impedance. 

Let the receiver voltage be E 0 + j 0 ; Z 0 = R 0 + j Xo, the 
receiver impedance, Z 1 = R x +jX h the generator impedance, 
Ei + j £2 = E cos cj> + j E sin <p = E, the electromotive force. 
At the generator, we have 

E (cos 4> + j sin </>) = (Vig+j V 2 f) + (Pi j Xf) (Ji + j If). 

Separating reals and imaginaries, 

E cos (j> = Vi Q + Pi Iig — X x I 2g , 

E sin <p = V 2 g + Pi I 2 gA~X 1 Iig. 


r 
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Now, Vig, F 2ff , h 0i Io g , are expressed in terms of E 0 , I 0 , and 
cos 8 as in (53), since E 0 — Z 0 1 o. Therefore, 

E cos cj> = M ,! 7o and E sin <j> = N" 7o. 

Whence 

N " 

tan (j> = —— f —, 0, cos <t> and sin <f>. 


h 


E cos <j> E sin <j> 1 „ 

m ,! W * and 


— Z 0 7q. 


Then substituting in the equations corresponding to (53) we 
get the generator voltage and current and power factor. 

(g) Derivation of formula for the leakage conductance S, from 
Peek's empirical formula for corona loss. 

The loss of power per unit length of conductor, according to 
Peek, is given by the formula 

•g- 

where a is an empirical constant, / the frequency, E x the effective 
voltage at x , and E c a critical voltage at which corona begins. 
Then the line loss is given by the formula 


P 


r 


af (-Ex - EcrY dx, 


where 5 is the distance from the open receiver to the point where 
corona begins. P is expressed in kilowatts, x in kilometers. 

In the unloaded line, 


E, = A Vcosh 2ax + cos 2 fix, where A = 
Then 
P 


E„ 


■ •' J! 


f 


Vi cosh 2 Oil -f- COS 2 pi 

A 2 (cosh 2 ax + cos 2 p x) 

~2AE C Vcosh 2 ax + cos 2 Px + E c 2 ] dx. 


(cosh 2 ax + cos 2 Px) dx = — ' — — 0:5 4. S V 2 Ps 

2 a ~ 2 p 
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The value of ^ Vcosh 2 ax +cos 2 fix dx can be obtained 
o 

i fK l sinh a s \ 

only by approximation. The answer is nearly V 2 I-— 1 

when cos 2 $1 is nearly unity, as it is, except in extremely long 
lines. Therefore, 

„ T » j sinh 2 . sin 2 fis \ 

P = o/ |/‘'1 2 * + 2 fi f 


2 A Ec y/2 sinh as 


+ s Ec 


Now, in the unloaded line the conductor loss is negligible and 
the dielectric loss is given by (37) Equating to the calculated 
corona loss, we find 

_ P (cosh 2 al + cos 2 fil 

~~ 2 / sinh 2 od . sin 2 fil \ 


Section II. Numerical Illustrations 
1. Taking Z = 300 miles, R = 0.30 ohms, L= 0.00196 henrys, 
C = 0.0153 X 10~ 6 farads, S = 0, p = 377, we find (see Art. 2, 
Section J), 

5 = 67° 53', y = 90°, £ = 78° 56' 30", Z = 0.795, Y = 5.77 
X 10 -6 , £-5 = 11°3'30", VZY = 2.14 X IQ- 3 , a = 0.000412, 


fi = 0.002100 


i \/ — 

’ F 


o 71 , J Y _ 2.693 , 
o71.5, V ^ ~~ ^03 » 


sin (£ - 5) = 0.19181, cos (£ - 5) = 0.98143; 
al = 0.1236; fil = 0.630 = 30° 6', 2 aZ = 0.2472, 2 fil = 72° 12', 
sinh al = 0.1239, cosh al = 1.0077, cosh 2 al = 1.0307, 
cos 2 fil = 0.3057, sin j8Z = 0.5892, cos fil = 0.8080; 

Qj = 0.8142, (2 2 = 0.0730, & = 0.1000, <24 = 0.5935. 

Taking generator terminal voltage at 100,000 volts, we find 
for the receiver voltage, for the unloaded line, 


100,000 V2 

VL3364 


122,300 volts. 
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The components of the generator terminal voltage are, by (30), 
V l0 = E 0 Qi = 99,600, V 2g = E 0 Q 2 = 8,900. 

For the charging current, 

I, = 100,000 x 2.693 X 10-3 X V -fgg- = 199.2 amperes 

Its components, (31), (32), are 


h 0 - 122,300 X 2.693 X 10- 3 j ( 0 . 1 ) (0.9814)-(0.594) (0.192) J- 

= - 5.3 

ho = 330 X 0.6042 = 198.8 
The power consumed in the unloaded line is 


(99,600) (- 5.3) + (8900) X (198.8) or 1,250,000 watts. 

Since 5 = 0 , the dielectric loss is nothing. Formula (38) gives 
the same result, 1,250,000, for the conductor loss. • 

2 n us . ta J e J ° = 680 amperes, E 0 = 57,700, cos 0 

= O. 80 . Then srn 6 = - 0.5270, 6 = - 3!° 47 ' 9 - t 4 . 8 

= - 42° 50' 30", cos (*-{ + «)- 0.7332, sin ’(6 - /+§) 
- - 0.6800. Substituting in (26), (27), (28) and (29), 


Vio - (57,700) (0.8142) + (68.0) (2.693)- 1 10 s | ( 0 . 1 ) (0.733) 

+ (0.594) (0.68) j- = 59,060 volts. 

V 20 = (57,700) (0.073) + (25,300) j ( 0 . 1 ) (- 0.68) 

+ (0.594) (0.733) j = 13,490 volts. 

tan 4> ov = -59 000 = 0.2280= 12° 51', cos 4> gv =0.9750. 

V g = 60,600 volts. 
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Iu = lo | (0.8142 (0.85) - (0.073) (- 0.527) j- 

+ -- • - 6 ^ 3 ' Eg | ( 0 . 1 ) (0.9814) - (0.594) (0.192) J 
= 0.7285 Io - 0.0000431 E 0 = 47.0 amperes. 


h 0 = I 0 { (0.8142) (0.527) + (0.073) (0.855) l 

+ ^5 | (0.1) (0.192) + (0.594) (0.9814) | 


= — 0.366 I o + 0.00162 E 0 = 68.5 amperes. 

tan ^* = = L459 - ^* = 55 ° 10/ ’ cos< ^ = 0.5712, 

I g = 82.0 amperes. 

(pis — <p 2 g = 42° 19'. Power factor = cos (42° 19') = 0.7395. 
Power input = 60,600 X 82.0 X 0.7395 = 3,700,000 watts. 


Efficiency of transmission 


3,333,333 

3,700,000 


0.90. 


3. Leaving E 0 and I 0 arbitrary, and taking power factor 0.85, 
we have above, 

Vi g = 0.8142 E 0 + 177.3 J 0 , 

V 2g = 0.0730 Eq + 136.0 J 0 , 
hg = 0.7285 Jo - 0.0000431 E 0 , 
hg =-0.366 Jo + 0.00162 E 0 

These equations enable us to tabulate rapidly values of the 
generator voltage and current and power factor corresponding 
to a series of values of E 0 and Jo, when the power factor is 0.85. 
A different power factor requires a different set of equations. 

4. Minimum power input for given output at given power factor. 

The power input is 

(0.8142 E 0 + 177.3 J 0 ) (0.7285 J 0 - 0.0000431 E 0 ) 

+ (0.730 E 0 + 136.0 Io) (0.00162 Eq - 0,366 h ), 
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which, multiplied out, is 

0.001145 £ 0 2 + 0.5465 E 0 h + 79.2 7 0 2 . 

Since Eo la is constant this a maximum or minimum when 


0.001145 Eo d E 0 + 79.2 I 0 dl 0 = 0. 


Eo la being constant, 

la d Eo -J- Eo d To = 0. 

Eliminating the differentials, 

0.001145 £ 0 2 = 79.2 7 0 2 , 

Eo 2 = 69,200 7 0 2 , E 0 = 265 7 0 . 

If Eo la = 68.0 X 57,700, then E 0 = 32,200, 7 0 = 123.0. 

This will be found to be a maximum. There is a minimum , 
but it seems necessary to tabulate values of the generator voltage, 
current and power factor, to find it. The mi nimum is found to 
be about 3,665,000 watts, voltage 65,300 volts, current 60 am¬ 
peres, power factor 80 per cent. 

5. In order to see the effect of leakage we take the same line 
with the same constants, but with 5 = 20 X 10 -8 instead of 
5 = 0. We find 

8 = 67° 54' 12", 7 = 88 ° O' 51", Z = 0.795, 7=5.772X10- 6 , 

£ = 77° 57' 12", VZY = 2.116 X 10- 3 , 

^ Y ~ 371.6, V—g- — 2.671 X 10- 3 , wavelength = 
a. = 0.000442, = 0.002070. 

od = 0.13260, pi = 0.6210 = 35° 34' 52", 2 al = 0.2652, 
2 pl = 71° 9' 44", cosh al = 1.0089, cos pi = 0.8133, sinh 
al = 0.13298, sin j 31 = 0.58186. 

<2i = 0.8203, Q 2 = 0.776, Q 3 = 0.1082, Q 4 = 0.5892, 

0 = — 31° 47', sin d = — 0.527, cos 6 = 0.85, 

£ - 5 = 10° 03' 20", cos (£ - 5) = 0.98164, sin (£ - 5) 
= 0.17460. 
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(0 _ £ + 5) = - 41° 50' 20", cos (0 - + f 5) = 0.74507, 
sin (0 — £ + 5) =- 0.6670 

Vi g = 59,300, Fs, = 13,670, 4> a v = 12° 57', F„ = 60,900 volts. 

For 5 = 0, we had 

= 59,060, V 2o = 13,490, <p gv = 12° 51', V„ = 60,600 volts. 

For 5 = 20 X 10 - 8 , we find 

h g = 49.13, J 2 - 67.8, <t>i a = 54° 4', J 5 = 83.7 amperes. 

For 5 = 0, we had 

ha = 47.0, ha = 68.5, <t>ai = 55° 10', I a = 82.0 amperes. 

For 5 = 0, power factor was 0.7395, while for 5 = 20 X 10- 8 
the power factor is (cos 31° 7') or 0.856. Obviously the effec¬ 
tive values of voltage and current are not much changed, but 
the power is changed considerably. 

For 5=0, the efficiency of transmission was 90 per cent; for 
5 = 20 X 10 - 8 , 86.5 per cent. 

6. If the receiver impedance is 425 + j 263.5, and the generator 
voltage is 100,000, find the components of current and voltage 
at the terminals. (5 = 0.) 

Here £ 0 = 500 Io, cos 0 = 0.85, sin 0 = - 0.5270. 

Taking equations in Article 3, we have 

Vi a = 584.3 Jo, Vig = 171-5 h, tan 4> S v = 0.293, <£„» = 16° 20', 
cos <fiav = 0.9596, sin <j> gv = 0.2812, and if E g = 100,000, we have 

Jo = 164.0 amperes, Vi s = 95,960, Vi Q — 28,120, Eo =82,000 
volts. 

loi = 139.0, J 02 = - 86.5, ha = 119-0, ha = 73.0, 1 0 = 139.0. 

Power input = (95,960 X 119.0) + (28,120) (/3.0) 

= 13,500,000 watts. 

Output = 82,000 X 164 X 0.85 = 12.250,000 watts. 

7. Let the electromotive force of generator be 100,000 volts, 
generator impedance 80 + j 60, receiver impedance 425 + j 263.5, 

The power factor of receiver is 0.85, and Eo — 500 Jo. 

Vi g = 0.8142 Eo + 177.3 J 0 = 1.1688 £ 0 , 

Vig = 0.0730 Eo + 136 J 0 = 0.345 E 0 ,' 

I lg = 0.7285 Jo - 0.0000431 £o = 0.001414 E 0 , 
h g = - 0.366 Jo + 0.00162 E 0 = 0.00089 E 0 . 

At the generator, 

100,000 (cos <t> + j sin 4>) = (Fi„ + j F 2ff ) + (80 + j 60) 
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Separating, 

100,000 cos <f> = V lg + 80 I lg - 60 I 2g , 

100,000 sin <p = V 2g + 60 I lg + 80 I 2g . 

Substituting values of Vi g , V 2g , I lg , I 2g , above, we find 
100,000 cos cp = 1.2185 E 0 , 

100,000 sin <p = 0.5090 E 0 . 

tan <p = 0.418, (p = 22° 41", cos <j> = 0.9228, sin <f> = 0.3856. 

1.2185 E 0 = 92,280, E 0 = 74,000, J 0 152.8, 

Vi g = 1.1688 E 0 = 89,500, V 2g = 0.345 E 0 = 26,500. 
tan cj> vg = 0.295, <p gv = 16° 26', V„ = 93,100. 
h g = 0.001414, E 0 = 109.0, J 2fi = 68.0, <ji> f = 31° 58', I g =128.5 
(pi = 15° 32', cos 15°32', = 0.9635. 

In-put at generator = 12,400,000 watts. 

Out-put at receiver = 9,950,000 watts 
Efficiency of transmission 80 per cent. 

Loss in generator = 320,000 watts. 
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MUNICIPAL COOPERATION IN PUBLIC UTILITY 
MANAGEMENT 

BY PHILIP J. KEALY 
Abstract of Paper 

Conditions surrounding early grants. Meager knowledge 
of the importance of public utilities in their inception. The 
changing view-point of the public with respect to the utilities. 

The constantly increasing investment necessary to meet public 
demands and the need of favorable franchise "conditions, that 
capital may be attracted to meet same. The early franchises 
proved unsatisfactory. Public utility business should be a 
monopoly but should be regulated. The question of its regula¬ 
tion. Different theories under which regulation and municipal 
cooperation have been exercised. Future additional coopera¬ 
tive measures. Limitation of extensions. Building of ex¬ 
tensions by private assessment. The injustice of diverting 
public utility earnings ^to municipal purposes. An abstract of 
the Kansas City- traction ordinance passed July 1914. 

TOURING the early 80’s or 90’sthe country was carried away 
^ with the possibilities of both urban and interurban electric 
traction and electric light and power. This realization of the 
many possibilities of electricity, taken together with the in¬ 
creasing demand for conveniences, resulted in communities 
giving every encouragement to capital, that it might bring 
within the range of their individual members electric trans¬ 
portation, electric light and power, as well as telephone, gas 
and water facilities, former luxuries which have now become 
absolute necessities. Corporations, whether publicly owned or 
privately managed, furnishing this service have since become 
known as public utilities. 

The franchises under which these early public utilities were 
promoted, constructed and operated, were generally granted 
on easy terms and contained many loose provisions, the chief 
interest of communities at that time being to make certain 
that the investment would be undertaken and the service 
furnished; and if any value was attached to the franchise, it 
was its value to the community in making certain that the 
particular service would be assured its inhabitants. Because 
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of this view-point, competition and duplication were encouraged 
in every possible manner and franchises were indiscriminately 
granted all applicants. 

While in many of the eastern states perpetual franchises were 
granted, in the majority of states public utility grants were 
limited by statute to periods of from twenty to forty years. 
Due, therefore, to the expiration of a large number of these 
older franchises, the mutual relations existing between the 
public utility and community served have been within recent 
years the subject of deep consideration. 

In considering the older franchise contracts, it is generally 
found that, viewed with today’s tendency, they contain pro¬ 
visions which are apparently too favorable to the utility and 
which, in many cases, do not fully protect the interests of the 
public as now generally recognized. On the other hand, it 
must likewise be conceded that such franchises were drawn at 
a time when a very meager conception existed as to either the 
possibilities or the future development of public utilities. This 
meagre knowledge brought about many improvident and un¬ 
fortunate investments with consequent loss and hardships to 
the investor, and as a result, the net return to the operating 
company has not been as great as the public was wont to believe. 

Within the last decade a clearer and better defined under¬ 
standing of the entire situation has been brought about. The 
owners of the utilities more than ever realize that it is necessary 
for them to accord the best service to the public, and that public 
confidence and satisfaction are the greatest assets of any public 
service company. On the other hand, careful and disinterested 
studies have proved that public utilities as a whole are not as 
profitable as the public has been led to believe was the case, 
and that liberal treatment must be accorded the private com¬ 
panies, that they may continue to attract the additional capital 
necessary to meet the increasing demands for service. 

The Increasing Investment 

Because of the increasing demands for service, the increased 
population to be served, the changes in the art and more exacting 
service standards, tremendous sums have been and must con- 
tinu e to be invested in all public utilities, if the public’s needs 
are to be satisfied. 

The urban population has greatly increased in the United 
States. In 1890, 36 per cent of the population of the country 
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was in cities of over 2500; in 1900, 41f per cent; while accord¬ 
ing to the census of 1910, 46.3 per cent of the total population 
resided in cities. 

The investment in the street railways of this country, which 
in 1890 was $389,000,000, had grown in 1902 to $2,167,000,000, 
in 1907 was $3,637,000,000, and according to the census 
report for 1912 had reached the enormous total of $4,545,000,000, 
an increase of over 1000 per cent within tw r enty-two years. 
Similarly, the investment in electric light and power companies 
has had an even more stupendous growth. 

Not alone the unusual and hazardous features of the service, 
but the frequent and constant changes in the art have played 
an important part in increasing the total investments made in 
public utilities. The large investment in horse car lines was 
succeeded by cable construction in many of the cities, notably 
Pittsburgh, San Francisco, Kansas City and Chicago. Before 
the investment in cable construction had reached the point 
where even moderate dividends w r ere earned, it was in turn 
succeeded by electric traction. At that time the importance 
of the depreciation charge was not generally recognized and 
the initial investment in many of these older cable properties 
has never been realized to this date. The original methods of 
electric ‘ traction have in turn been changed many times in the 
fifteen or twenty years since their general adoption and, whether 
it be permanent or not, we now have the jitney. Power house 
design, affecting the electric railway, light and power companies, 
has undergone revolutionary changes from an engineering view¬ 
point. The replacing of the reciprocating engine by large 
turbo-generator units, the evolution in boiler and synchronous 
converter design and in the methods of transmission, all have 
undergone important changes and demanded an ever increasing 
investment. The constant extension of underground districts 
in., the larger cities, within which all overhead wires must be 
removed to conduits, has entailed an enormous expenditure. 

Perhaps the influence of the changes in the art upon the 
investment can be best summarized in the emphatic statement 
that, despite all of the tremendous engineering advancements 
which have been made, regardless of the greater capacity of 
practically every, unit now serving electric companies, whether 
it be in the power house, substation or street car, the investment 
per dollar of gross earnings is today greater than it was twenty 
years ago. And not only is the investment per dollar of gross 
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earnings greater, but the rate for service remains the same or, 
more frequently, has been reduced, while the purchasing power 
of money has decreased so that investors are receiving less and 
less. Universal transfers have reduced the average fare about 
30 per cent and a standard of service is now furnished which 
was formerly considered impossible to attain. 

Early Franchises Unsatisfactory 

The limited-term franchise in addition to not fully protecting 
the rights of the public, as they are now viewed, proved decidedly 
unsatisfactory to the private companies for the reason that no 
protection was afforded permanent investments. And since 
the former franchises did not protect the early investments, 
the municipalities have been able to incorporate more exacting 
demands in new franchises because the investments now exist, 
whereas formerly the desire of .the city was to encourage and 
assist in bringing about such investments. 

Therefore, in readjusting the relations between the munic¬ 
ipality and the private company, not only is the history of the 
industry better understood and its future possibilities recognized, 
but there exists in the mind of the public a broader knowledge 
of the subject and more clearly defined theories as to the con¬ 
ditions under which the future privileges should be exercised. 

Regulated Monopolies 

^ Perhaps the foremost advancement in either state or muni¬ 
cipal cooperation in public utility managment is the recogni¬ 
tion of the fact that competition in similar public utilities with¬ 
in the same community generally results in an economic waste 
without improved service. 

The National Civic Federation’s Committee on Public 
Ownership in a report made sometime since stated; “ Public 
utilities, whether under public or private ownership, are best 
conducted under a system of regulatory and legalized monopoly. ’ ’ 
This theory has been recognized in practically every state public 
utility law, most of which provide that before a competitive 
utility can be operated within the state, a certificate of con¬ 
venience or necessity must be approved by the co mm ission. 
In several of the states this even applies to the installation of 
municipal plants and in many instances the desire of munic¬ 
ipalities to enter into the public, utility business has been re¬ 
fused by the state commission on the grounds that a privately 
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owned utility already existed within the municipality of suffi¬ 
cient size to meet the existing demands for service. 

The creation of public service commissions, in the majority 
of states, has been due not only to a recognition of the tremendous 
part public utilities now play in the affairs of the common¬ 
wealth but equally that proper supervision may be had. The 
present day tendency, as reflected in most of the more modern 
franchises however, is towards recognizing that the interests of 
the community and the private company furnishing public 
service to that community are identical and that the interests 
of each can be best served by mutual and concerted action. 

No public service commission act yet passed provides for the 
detailed participation in or supervision of the affairs of a private 
company essential to the successful operation of a partnership 
management. Therefore, where the city is interested in other 
than the mere standard of service required, a closer participa¬ 
tion in the company’s business is necessary than that which 
public service commissions can generally exercise under their 
enabling acts. 

Extent of Municipal Cooperation 

There have been a number of important franchises granted 
within the past eight or nine years, in which the trend or extent 
of municipal cooperation is well illustrated. Several different 
theories, all purporting to reach the same end, have been used, 
the more important of which being as follows: 

1. That the company be permitted a fixed return, if earned, 
upon an agreed valuation, all earnings over which to go to the 
city or to be used to reduce the rate of service. 

2. The company be permitted a fixed return on an agreed capi¬ 
talization and the surplus over same to be divided between the 
public utility and the municipality. 

3. That a certain per cent of the gross earnings be paid to 
the city, and the city in addition to supervise and regulate the 
service. 

4. The sliding scale. 

The Fixed Return 

An example of the first theory is that of the Cleveland trac¬ 
tion ordinance, which permits a return of 6 per cent on an agreed 
capital value and fixed a rate of fare or service under which it 
was estimated the warnings would return the above per cent 
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to the company. In addition, a reservoir fund was created 
into which the surplus earnings over and above the amount 
paid to the company are deposited. When this reservoir reaches 
a fixed maximum, fares are automatically decreased, and when 
the reservoir is depleted to a certain minimum the fares are 
automatically raised. In addition, the ordinance provides a 
fixed amount to be expended for operation, as well as for main¬ 
tenance. The weakness of this theory, as developed in the 
Cleveland situation, is two-fold: first, the evil exists in this con¬ 
tract that is inherent in any contract which limits the operating 
company to a fixed per cent of return, in that the incentive 
to the company towards providing efficient management is 
thereby utterly lacking; second, the building of extensions tends 
to decrease the reservoir and increase the rate of fare, this for 
the reason that generally all extensions are development lines 
and unprofitable during the first few years. 

The electric railway, by making available the cheaper outly¬ 
ing property at the same rates of fare, has done more to solve 
the question of improper housing conditions and slums than 
all of the sociological studies, investigations and corrective 
measures that have been undertaken in this country. Any 
ordinance provision which tends to limit or discourage exten¬ 
sions, either directly or indirectly, will permanently jeopardize 
and injure the best interests of the city, and will more than 
offset any of the meritorious provisions. The very life and 
vitality of every American city is concerned in developing the 
outlying property, making possible cheap home sites and by 
preventing a zone system of fares or rates discourage and render 
impossible the slum conditions generally found in Europe 
where such rates are in effect. 

The Fixed Return together with City Participation 

The second theory is one on -which both the Chicago and 
Kansas City traction settlements were made. The Chicago 
traction ordinance provides that the company shall be permitted' 
a 5 per cent return upon an agreed capital value and that the 
surplus earnings over and above said 5 per cent return shall 
be divided between the city and the company, 55 per cent to 
the former and 45 per cent to the latter. The city, through a 
Board of Supervising Engineers, participates actively in the 
management of the company, supervising and directing every 
phase of its operation, such as the routing and scheduling of 
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cars, the approving of all engineering work, the supervision 
of contracts and the approval of capital expenditures. The 
original Chicago ordinance, as passed in 1907, did not provide 
for the participation of the Board of Supervising Engineers in 
the operation of the company, this supervision under the original 
ordinance being confined to the approval of capital account 
charges and the supervision of all engineering features. The 
vital interest of the city in proper service was recognized by 
amending the 1907 ordinance in 1913, so that the Board of 
Supervising Engineers would also supervise the routing and 
scheduling of cars, in addition to having supervision over the 
features hereinbefore mentioned. All of the aforementioned 
methods of city cooperation were also provided for in the 
Kansas City ordinance, passed in July of 1914. In addition, 
the Kansas City ordinance goes a step further and provides 
that not only will the city cooperate in the management through 
a board similar to the Chicago board, but it w T ill also be repre¬ 
sented on the board of directors of the company, five of the 
eleven directors being appointees of the mayor. The city will 
thus not only have representation in the ordinary operating 
affairs of the company, but will be cognizant of all financial 
and corporate matters as well. 

City Supervision together with Per Cent of Gross 
Earnings 

The third method of municipal cooperation is, among others, 
the basis of the Chicago telephone and electric light franchises 
and of the St. Paul electric light franchises. The Chicago tele¬ 
phone ordinance provides that in addition to 3 per cent of the 
gross earnings being paid the city, a telephone inspector is to 
be selected by the city (but paid'for by the company) who 
will be responsible for supervision of the telephone service. 
To him are given the various complaints and he is charged with 
the responsibility of correcting them, so far as he may be able. 
In addition, the rates are regulated every five years. Similarly, 
in the electric light franchise a fixed per cent of the gross is paid 
each year, the rates are regulated at stated intervals and the 
city electrician exercises supervision over all the service at all 
times. 

The Sliding Scale 

As to the fourth method: Of all the ordinances passed with¬ 
in the last few years, the Boston gas ordinance passed by act 
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of legislature May 26, 1906, is one of the few in which the 
efficiency of management is recognized. The initial rate of 
gas was fixed at 90 cents per 1000 cubic feet, which rate 
permitted a return of 7 per cent on the par value of the capital 
stock. For each reduction of 1 cent per 1000 cubic feet made 
to the consumer the company is allowed one-fifth of 1 percent 
extra dividend. In other words, at 90-cent gas the company 
return is 7 per cent, whereas if it can sell gas at 85 cents, the 
company is allowed an 8 per cent return. An itemized state¬ 
ment of the production, distribution and depreciation expense 
is required to be published annually. If the profit each year 
is over 7 per cent and no reduction is made to the consumer, 
1 per cent on the par value of the outstanding capital stock is 
set aside for contingencies or lean years. This surplus, or 
reserve fund, is never to exceed one-twentieth of the par value 
of the stock. In case the surplus earnings in any year exceed 
this 1 per cent (8 per cent on the capital stock) and the reserve 
fund is equal to one-twentieth of the par value of the stock 
and no reduction in the price of gas is made to the consumer, 
the surplus earnings are to be paid to the various munic¬ 
ipalities through which the company distributes gas, on the 
basis of the miles of mains installed in each community. 

As to the practical working of this scheme, gas originally 
sold at 90 cents, then at 85 cents, and is now selling at 80 cents, 
consequently the company is earning 9 per cent dividends. 
Thus, the company has a direct financial incentive in reducing 
operating expenses in every way and in providing the most 
efficient methods of gas production and distribution, since it 
shares directly with the public the profits of efficient manage¬ 
ment. Mr. Richards, president of the Boston Consolidated 
Gas Company, in a recently published article, said: “It is 
well known that when the new interests secured control of the 
properties mentioned, various companies were looked upon 
with disfavor by the public, and realizing that fact, the present 
management has endeavored to conduct the business affairs of 
the corporations on a broad, liberal, business basis, believing 
that one of the most valuable assets that a public service cor¬ 
poration can have is the confidence of the public. ” Mr. 
Richards quotes from a magazine article written by Mr. Louis 
D. Brandeis, who attained national prominence in the railroad 
fate hearing before the Interstate Commerce Co mm ission by 
his statement as to what efficiency could accomplish in rail- 
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road management: “Boston has reaped from the sliding scale 
system far more than cheaper gas and higher security values. 
It has been proved that a public service corporation may be 
managed with political honesty and yet successfully,' and that 
its head may become a valuable public servant. * * * Gas 

properties which, throughout the greater part of twenty years, 
had been the subject of financial and political scandals develop¬ 
ing ultimately bitter hostility on the part of the people, are now 
conducted in a manner so honorable as to deserve and secure 
the highest public commendation.” 

Limitations on Extensions 

Many of the franchises contain limitations on the extensions 
which will be made from year to year. In St. Paul the electric 
light franchise for example, provides that the lines need not be 
extended to power customers having a demand of less than 
2 h.p. per day for each 100 ft. of underground conduit exten¬ 
sion, or each 300 ft. of overhead extension. In the Philadelphia 
gas agreeement, the extensions- are likewise limited to the 
prospective business. Similarly, in the Chicago traction ordin¬ 
ance the construction of a definite number of miles per year 
was provided. In the Kansas City traction ordinance a mini¬ 
mum, of four miles of track pen year is provided with the added 
provision that any track which will pay 6 per cent on its cost 
over and above operating expenses shall in addition be con¬ 
structed and further, that any trackage constructed and paid 
for by property owners or other individuals becomes the prop¬ 
erty of the city and must be operated by the traction company. 

Building of Extensions by Private Assessment 

One of the most fertile fields for cooperation is that of assist¬ 
ance in financing the unprofitable extensions (and as previously 
stated most extensions are unprofitable) and this not only when 
privately owned but when publicly owned as well. Generally, 
all extensions to municipally owned water plants are made out 
of earnings. This can only be possible when the rates to the 
consumer are too high, for if extensions were considered as a 
permanent investment and therefore made from funds bor¬ 
rowed instead of from earnings, the present rates could and 
should be reduced. Further, the building of extensions, wEether 
to a water system, street railway system, electric light system 
or gas system, has a decided bearing on property values within 
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districts proposed to be served. The building of street railway 
extensions generally increases the price of outlying property 
from $3 to $10 per foot. Similarly, the value of property is 
increased when gas, water or electric light facilities are furnished. 
In cities where rapid transportation is found, rents are invari¬ 
ably higher than in sections of the city where such is not the case. 
In other words, extensions generally directly benefit the property 
owner and work to the disadvantage of the rate payer; and if 
municipal cooperation in public utility management is to exist 
in the fullest sense and equity is to be done to the three parties 
interested, i.e., the operator, the municipality and the rate 
payer, some method should be devised whereby the cost of 
unprofitable extensions should be borne, partly at least by the 
property owner who derives the major benefit therefrom. 
Recognizing this general principle, Cleveland is proposing to 
build certain track extensions by assessing their cost against 
the abutting property; Philadelphia is proposing to embark 
on a rapid transit system costing many millions of dollars, and 
the property owners will pay for it in proportion to the benefits 
received. Several of the larger municipal water works systems 
are considering this manner of providing for the increasing cost 
of extending their system. A more general application of this 
theory would furnish a partial* solution of the difficulties ex¬ 
perienced by most public utilities in attracting the funds with 
which to satisfy the ever increasing demand for service. 

Injustice of Diverting Gross Earnings to Municipal 

Purposes 

Another development regarding the relations between the 
city and the privately owned utility, which is constantly find¬ 
ing expression in the most unxpected sources, is the idea that 
it is unjust to pay any per cent of the gross earnings of a public 
utility into the municipal treasury. This was one of the pro¬ 
visions most frequently found in the early ordinances, and 
even in many of those passed within the last few years it has 
been rigidly insisted upon. It is now generally recognized that 
such a diversion is unfair to the consumer; that the portion of 
the company’s profits, which goes into the municipality’s coffers 
and thus is used for the benefit of all of the inhabitants, has been 
realized only from those citizens using the particular service 
and should, therefore, be expended in perfecting and increasing 
service not in reducing general taxes. t£ Better service ” is the 
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present-day slogan, and so long as a considerable portion of the in¬ 
come of the operating company is diverted to municipal pur¬ 
poses, better service is handicapped to that extent. For instance, 
the city of Toronto now receives under an ordinance passed 
in 1891 about 20 per cent of the gross earnings of the traction 
company, which sum equals between $900,000 and $1,000,000 
per year and forms a very large proportion of the total munic¬ 
ipal receipts. Within the past few years, the city of Toronto 
has had numerous investigations and has tried in diverse ways 
to bring about a betterment of its street car sendee. The 
amount of money, however, which the city derives from the 
traction company is secured from giving improper service. 
At least 50 per cent of the total received by the city from this 
source goes to reduce the taxes of five large corporations in that 
city. On the other hand, the additional fixed charges on any 
of the solutions of Toronto’s traction problems, as worked 
out by various engineers, would annually cost not to exceed one- 
half the amount paid by the traction company to the city and 
diverted to uses foreign to its source, viz., the street railway 
business. 

In Chicago a fund of approximately $15,000,000 has been built 
up out of the city’s share of the traction earnings at the expense 
of the strap-hanger. The ordinance contemplated that this 
money should have been expended long since in subway con¬ 
struction and thus reduce the down-town congestion, but for 
reasons beyond control it has not been done. 

In discussing, therefore, the future cooperation of the munic¬ 
ipality in private management, so far as may be practical, 
all profit from the corporation going to the municipality should 
be devoted towards improving the service of the corporation 
from which it is derived. 

The Kansas City Plan of Cooperation 

Of all the franchise contracts which have been passed within the 
last seven or eight years, perhaps the street railway ordinance 
adopted July 7, 1914, in Kansas City, provides for municipal 
cooperation in more detail than any other. The manner in which 
the municipality will cooperate in the financial, corporate and 
detailed operation of the property as*set out in the ordinance 
briefly is as follows: 

The value of the property is fixed. On said fixed value it is 
agreed that the company shall be entitled to a 6 per cent return 
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Discussion on “Municipal Cooperation in Public Utility 

Management” (Kealy), St. Louis, Mo., Oct. 19 , 1915 . 

Charles A. Hobein: I think probably the chief cooperation 
of the municipalities in public utility management has been 
in the operation of electric railways. Particularly, the cities 
seem to have taken more of a part in the detail work of the 
railways rather than in the electric light or gas business. Of 
course, I am not speaking of the water systems which are 
largely municipally owned. 

In connection with municipal cooperation in utility man¬ 
agement there is a rather interesting situation which has de¬ 
veloped in Los Angeles, where the City of Los Angeles has 
built a large aqueduct and there are several power sites along 
the aqueduct, one of which is being developed by the city. 
The city has taken occasion to say that it will either construct 
its own lines or buy out the distributing system of the Southern 
California Edison Company, which is one of the big companies 
supplying electric light and power in that locality—one of 
the three companies engaged in the business. Just how that 
situation is going to work out it is pretty hard to tell, but the 
California Railroad Commission is appraising the property 
of the Southern California Edison Company in the City of 
Los Angeles for the purpose of the city taking the property 
over by condemnation proceedings. s 

In talking to some of the men located in Los Angeles, who 
are connected with the public service corporations there, I 
understand the value which will probably be fixed will be 
much larger than the city authorities originally contemplated, 
for if the Southern California Edison Company should lose 
the load which it now has in Los Angeles, part of its hydro¬ 
electric plants throughout the state would be idle. There 
would be that loss of revenue, and the value of that portion 
of their plant which would be idle for a number of years has 
to be taken into account. There is a possibility in Los Angeles, 
in the final settlement, that the city ultimately will not pur¬ 
chase the property, but under some sort of contract arrange¬ 
ment might bill the consumers. The consumer owing the 
city for the power, and the city making out the bills and send¬ 
ing them to the consumers; and then have some other sort of 
an arrangement with the electric company for a division, of 
the earnings; or some arrangement for municipal cooperation 
in the electric light and power business, which , would more 
closely approximate some of the working relations now in 
force as far as. the traction properties in other parts of the 
country are concerned. In Los Angeles there is a good deal 
of competition in the power business—three companies opera¬ 
ting, but there is no competition as far as the rates are con¬ 
cerned, just a question of service. One of the competing 
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sylvania Utility Act and in that of Idaho, however, specific 
provision is made for that very thing—the commission is em¬ 
powered to recognize in fixing rates the efficiency of manage¬ 
ment of the utility. That seems to be a very wise provision, 
and I t hink those of us who have any influence in framing the 
regulatory acts that may be passed in the future, in the states 
which have no such acts at present, should use our influence 
to have such provisions included in those utility laws. 

L. B. Cherry: Regarding the assessing of abutting prop¬ 
erly to help pay the cost of extensions—is it not a fact that the 
extension benefits the whole town or the city to a greater or 
less extent. Why would it not be a good thing to arrange 
that the general tax list of the whole city shall pay a small 
percentage of the expense of extension and the adjoining prop¬ 
erty or the benefited zone the balance. 

N ,W. Storer: That is the rule on which the street pave¬ 
ment is handled, I believe—the abutting property must carry 
a portion of the cost and the city the balance. 

Philip J. Kealy: Mr. Hobein has touched on the southern 
(California situation, stating that-a private company did not fear 
municipal competition nearly so much as it did that of the 
privately owned competition. This is a fallacy, for a muni¬ 
cipally owned company can sell service at practically any.price 
and make a seeming profit. The majority of the municipally 
owned lighting companies are selling their product below cost 
and the deficit in operating expense is frequently made up 
by bond issues. Of course, this results in a wonderful book 
profit. It is really surprising how many bond issues are voted 
for municipal electric light plants, out of the proceeds of which 
are paid at least a portion of the operating expenses. . 

As to the point made by Dr. Lloyd about congestion in 
some of the cities, perhaps the best illustration in this country 
is that of the city of Toronto, Ontario. Toronto has a very 
cheap street railway fare in one sense of the word. Eight tickets 
for a quarter are sold, good during the morning and evening 
rush hours, six tickets for a quarter during the balance of the 
day. School children's rates are ten tickets for a quarter six 
days a, week and the cash fare is five cents. Toronto has de¬ 
veloped verv rapidly during the past twenty years and has 
perhaps the 'most, intensified development of any city of North 
America, excepting only New York, i.e., more inhabitants 
per acre. The reason is largely due to the fact that the trac¬ 
tion ordinance under which the company operates provided 
tliat the service should be furnished at the xates just quoted 
within tin- city limits. This ordinance was passed and ac¬ 
cepted by t he company in 1891. After the annexation _ of 
certain territory to the city in about 1895 or 1896, a car line 
extension was petitioned for, which was refused by the com- 
tKinv. Without going through a history of the litigation, 
the' matter was eventually decided by the Privy Council of 
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England, which construed the ordinance ^. j 

that the company need gwe cheaper fares n < 

city limits as of 1891. As a result, the tare*. J «. 

at this time to approximately one-third of the area °f T * ^ 

the balance of the territory being served by _ wfcat rei 1- f 
as radial lines, upon which an additional will^i t» 

has been found that the great mass of the people > wil l 
side in the double fare zone, thus explaining the great <1* 
of population in that comparatively y° un §.^; . _ 

Glasgow, Scotland, which operates a mumcip f 
like most continental cities, a zone system of fares and , 
not been many years since that city spent many mill i, 
dollars in an attempt to. abolish what are generally rec< »> - 
as the worst slum conditions in Europe. ,, , 

It is also a striking coincidence that such of those l 
States cities as have reduced fares, for example. Milw . 
Cleveland and Columbus, are those m which the deny v 
population is comparatively large. There is fou d n 
city trackage and necessarily a smaller mvestme nt.* < 

■j- q g 6XVC * 

Mr. Cherry’s question, as I understand it, is that the* _ 
■ fited area should be divided into, two parts, the It.** 
immediately adjacent to the extension and the balance* * , 
city, and that the territory most immediately benefited 
bear the major part of the cost and the cl ^y at .^ rge 1 * 

other portion of the cost. I can see no difficulties as - 
enactment of such a law or for a law enforcing such a t - 
In fact, that is a theory on which most large public mt; 
ments are quite frequently carried out, the city thr* ** 
bond issue bearing a portion of the expense, and the I — 
(generally the major part) being paid for by the benefit » 
in which the improvement is to be carried out. 

L. B. Cherry: The added value would be taxes an*.I 
go into the city treasury and in that way benefit the # i 
addition to the whole population having. an opporlr t % 
getting additional transportation by that improved sy:* * * 

extended lines. T * 

P. J. Kealy: That is undoubtedly the case. In 
City, when our new ordinance was under discussion tin*- - 
tion was made that it would curtail the city funds, since* ♦ 
revenues paid to the city would no longer so conti it * \ 
rebuttal of such objection, it was proved that the bin !*.■■■ 
some twenty-five miles of extensions required .by ft**' 
nance, would enhance property values and the additional ; a 
of taxes which would be realized, because of the a< 1 * . 
value so created, would practically offset the direct ** 
tion formerly made by the traction company to the ci * % 
ury. 


Presented at the 314rii Meeting of the American 
Institute of Electrical Engineers, St. Louis, Mo., 
October 19, 1915. 
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RECENT RESULTS OBTAINED FROM THE PRESERVA¬ 
TIVE TREATMENT OF TELEPHONE POLES 

BY F. L. RHODES AND R. F. HOSFORD 


Abstract of Paper 

The results of an experience with treated poles over a period 
of 18 years have been analyzed. Data are given for poles treated 
by pressure, open tank, and brush methods. The relation of 
these methods of treatment to the conditions which have deter¬ 
mined the choice of pole timbers in the United States is outlined. 
The experience with brush treatments has reached a more ad¬ 
vanced stage than that with the other types of treatment and is 
consequently discussed in greater detail. Rates of decay, in¬ 
crease in life by treatment, the effect of seasoning, and the charac¬ 
teristics of the damage to poles caused by decay and by insects, 
are all covered. 


Introduction 

T HIS PAPER sets forth results that have been reached in 
the plant of the American Telephone and Telegraph 
Company and associated companies through the use of dis¬ 
tillates of coal tar or of wood tar for the preservative treatment 
of wooden poles. The experience reported covers several 
typical processes for applying the preservative, which will serve 
to show the varied possibilities attainable through the choice 
of methods for applying the class of materials studied. 


The methods employed for studying these typical processes 
have consisted mainly in the installation of experimental series 
of poles* to form parts of lines used for regular service. After 
exposure of these experimental groups of poles for a time suffi¬ 
cient to allow of the beginning of changes in their condition, they 
have been subjected to regular and systematic inspections. 
Except in the case of the experiments with creosoted pine, it 
has been the practise to include, in each experimental series, 
untreated poles in sufficient number to afford a definite basis 
for conclusions as to the effects of the preservative methods. 
Untreated pine was known to yi eld such a short life under the 
*See Appendix A for bibliography of previous publications relating to 


this work. 
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conditions to which creosoted pine poles were exposed that a 
comparative determination of its life would not possess any 
practical value. 

The bulk of the pole supply in this country has been drawn 
from three varieties of timber; two species of cedar and one 
of chestnut. All of these timbers show considerable resistance 
to decay when exposed in contact with soils. Being available 
in sizes suited for pole construction in much larger quantities 
than other species which also possess this desirable character¬ 
istic, the market supply for many years has consisted mainly 
of these three species. As many other species possess all of the 
other characteristics desirable in a pole timber (such as strength, 
available quantity, etc.) and as cedar and chestnut are not so 
distributed as to be locally available in all sections of this 
country, it is, of course, often desired to know what can be done 
with species grown in the immediate neighborhood of lines to 
be built. 

Southern pine is a timber available in large quantities in regions 
at a considerable distance from supplies of cedar or chestnut. 
In the territory to which it is native, it is neither durable in 
the ground nor above it. It possesses, however, in good mea¬ 
sure, all of the other qualities desired in a pole timber.. Timbers 
deficient in durability both in the ground and above it, require, 
necessarily, the application of preservative throughout their 
entire length. This requirement favors the use, for their treat¬ 
ment, of the cylinder pressure process. This process was one 
of the earliest of preservative processes to be established upon 
a commercial basis, and is today, the most prominent in the 
field with respect to number of plants and volume of business. 
Historically, the longest experience which we have to report 
was obtained -with Southern pine treated by this process. The 
results obtained with these Southern pine poles, impregnated 
with creosote by the cylinder pressure process, will serve to 
illustrate the possibilities of what we shall hereafter refer to 
as whole length treatment. 

We have already referred to durability, when exposed in 
the ground, as an important characteristic for a pole timber. 
It is the general experience that the part of the pole which is 
placed in the ground is the least durable section, even in the 
case of species which are ranked as the most durable pole tim¬ 
bers. In most soils, the section of the pole lying between a 
plane a few inches above and a plane one to two feet below 
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the surface of the ground, which we shall hereafter term the 
ground line section , is found to suffer much more from decay 
t than any other part of the pole. In a few soils, this region of 

maximum decay extends to greater depths in the ground; 
occasionally even to the butt end of the pole. An observation 
of the condition of the ground line section can, however, be 
depended upon, in the case of timbers of the relatively durable 
class, to show the deterioration of a pole due to decay, except 
as defects were originally present in other sections of the pole. 

The first work devoted to retarding deterioration in the 
ground line section of poles made from durable species of timber 
consisted in applying preservative to the surface of this section 
} - with a brush. This process has been generally known as the 

brush treatment and it is fortunate that this name was early 
applied to it, as both its technique and its aims are different 
from those of the ordinary processes of painting. The brush 
* treatment is an inexpensive process and requires no plant and 

but few tools for its application. Although the slight penetra¬ 
tion of the preservative attainable by this process has always 
been recognized as limiting its effect in retarding decay when 
compared with processes forcing the preservative to enter deeply 
into the wood, its other characteristics have made it the most 
^ widely used of all pole treating processes. Three experimental 

series of poles located respectively in Georgia, northern New 
York, and Nebraska, will furnish data relating to this process. 

The comparatively small gain in life anticipated from the 
( brush treatment led, at the time when the experiments which 

we are to describe were begun, to the inclusion of poles treated 
by the open tank process. This process, while then new in its 
application to poles, had long been employed in some of its 
varied forms for treating other timber products. It has never 
been extensively employed for whole length treatment but 
I possesses considerable advantages for part length treatments. 

When applied to the butt sections of cedar and chestnut poles 
it can be made to give a much greater penetration than the 
brush treatment. As penetration is generally agreed to be, 

{ to some extent, a measure of preservative efficiency, it was ex¬ 

pected that the open tank treatment would show a greater in¬ 
crease in life than the brush treatment. Two experimental 
series, located in Northern New York and Nebraska, are re¬ 
ported on for this treatment, and it will be seen that the ex¬ 
pectations of improvement over the brush treatment are being # 
i „ justified. 
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Whole Length Treatments 

Washington-Nor}oik Line . This pole line of the American 
Telephone and Telegraph Company, extending from Washing¬ 
ton, D.C., to Norfolk, Va., was built during the summer and fall 
of 1897. For some twenty miles south of Washington chest¬ 
nut poles were used; for the rest of the line creosoted pine poles 
and guy stubs to the number of 9975 were installed. Most 
of the poles were sawn to fixed dimensions, 9555 being of square 
and 13 of octagonal cross-section. The remaining 407 pieces 
were natural round poles. 

These poles were specified to be impregnated by the cylinder 
pressure process with not less than twelve pounds of dead oil 
of coal tar per cubic foot of timber. The treating operations 
were carefully and continuously inspected by company employees. 
Frequent tests were made of the dead oil of coal tar as the work 
of preparing these poles progressed.* 

Representative short sections of the line were inspected in 
1903, about 300 poles being examined. No appreciable im¬ 
pairment was found. In 1908, the first regular maintenance 
inspection of the line was made and 14 square and 3 round 
poles were removed on account of decay. The total removals 
for decay prior to 1908 amounted to 4 poles. On December 1, 
1914, the number of poles removed for decay had risen to 39 
or about 0.4 per cent of the number originally installed. Table I 
gives in summary all pole changes occurring in the creosoted 
section of the Washington-Norfolk line and their causes. 

In December 1914, the current condition of the creosoted poles 
was studied by making a thorough and detailed inspection of 
a little over 1600 poles. Sections of from 89 to 312 poles were 
chosen at different points throughout the line so as to secure 
representative data on its condition. Special care was taken 
to cover sections adjacent to previous removals for decay. 
The results of this inspection are set forth in Table II, where 
data relative to the soil conditions surrounding all poles in¬ 
spected are given, as well as the results specifically bearing upon 
poles found to show signs of decay. In Table III, the results 
of this inspection are combined with the records of prior ex¬ 
perience for the sections of line examined. 

It will be noticed from Table II that the cause of deteriora¬ 
tion for 36 of the 42 poles showing decay in the top section 
was the cutting off of the top. Signs that the top had been cut 


*See Appendix B—Analyses of preservatives—for details. 
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off were found on only 21 sound poles, so that cutting off the top 
after treatment caused deterioration on 62 per cent of the poles 
concerned. Decay in the top section has not as yet caused any 
great reduction in the strength of the poles as all show over 65 
per cent of their original strength. These results serve to em¬ 
phasize, however, the rule which is one of the axioms of good 
treating practise, viz., that all timber should be completely 
framed before treatment. 

It will be seen that comparisons of the soil data relating to 
moisture, altitude, and proximate composition give no indication 
that any variation in these characteristics is favorable to decay. 
Perhaps this is because only relatively few poles have as yet 
become unsound, since some apparent effects of soil differences 
will be noticed in the pole line next to be discussed. 

From the section of Table II summarizing the external ap¬ 
pearance of the poles examined, it will be seen that the bleached 
and the other lighter colored poles yield a percentage of decayed 
specimens considerably above the average for all poles inspected. 
Sixty per cent of the poles showing decay in the ground line 
section are “ light ” or “ well bleached ” as against twenty-three 
per cent of the sound poles. Fifty-seven per cent of the poles 
classed as “well bleached ” show signs of decay as against 1.5 
per cent of the poles contained in the “ dark ” group at the other 
end of the color scale. Poles showing decay at the top have 
been omitted from these comparisons, as their deterioration is 
almost entirely due to the cause already discussed. The lighter 
colored poles are presumably those which retain the lesser 
amounts of preservative, so that their predominance with re¬ 
spect to decay suggests that life will increase with the amount 
of preservative applied. 

Observations which it is not practicable to present in tabular 
form indicated that the predominant manner in which decay 
began in the poles of square cross-section consisted in an at¬ 
tack near the center of one side. The shaping of the poles ex¬ 
posed the heartwood in the central part of each side at the ground 
line section. Practically all the checking noticed was confined 
to this exposed heartwood. The combination of the tendency 
to check with the slighter penetration which can be obtained 
in heartwood would seem to account for the predominance of 
this form of decay. 

Montgomery-New Orleans Line. This pole line of the American 
Telephone and Telegraph Company, extending from Mont- 
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gomery, Ala., to New Orleans, La., was built in the summer and 
fall of 1899. From Montgomery to Hurricane, Ala., chestnut 
and juniper poles were installed. Between Hurricane and New 
Orleans creosoted round yellow pine poles w r ere used in its 
construction, a total of 7644 pieces being placed. The nature 
of the country traversed made it necessary to install an un¬ 
usually large proportion of these in the form of A , H and tripod 
fixtures. 

All poles were specified to be impregnated by the cylinder 
pressure process with not less than twelve pounds of dead oil 
of coal tar per cubic foot of timber. The treating operations 
were carefully and continously inspected by company employees. 
Frequent tests* were made of the dead oil of coal tar as the work 
of preparing these poles progressed. 

Representative sections of the line were inspected in 1906, 
some 2152 pieces being examined. Each pole, stub, brace or 
pile employed as part of a fixture was inspected as a separate 
piece as a considerable number of the different types of fixtures 
referred to above were encountered in the sections covered. 
The results of this inspection are summarized in Table IV. 

A second inspection of the line was made early in 1915. 
The detailed records of the 1906 inspection were not available 
so that a new choice of sections representative of the line had 
to be made. It is known that part of the poles examined were 
also examined in 1906 but it is not possible to compare their 
condition at the two periods. 

The pole changes occurring in the creosoted section of the 
Montgomery-New Orleans line, up to the time when the last 
inspection was begun, are set forth in Table V. The causes for 
the changes are also given in this table. It will be noticed that 
removals made on account of decay amounted to only 0.3 per 
cent of the poles installed, although it must be noted that some 
of the poles included in the grotfp whose cause of removal is 
unknown were probably removed on account of decay. 

Table VI gives in summary the results obtained in the inspec¬ 
tion of 1915. Nine sections of line were examined in the 1915 
inspection. These sections were chosen so as to be representa¬ 
tive o.f the different types of country through which the line 
passes. The number of pieces included in a section ranged 
from 150 to 228. In Table VII the results of the 1915 inspection 
are combined with the records of prior experience for the sec- 

*See Appendix B—Analysis of Preservatives. 
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tions of line examined. It will be noticed that the data indicate 
that in 1906, seven years after the line was built, about one per 
cent of the poles had deteriorated to an extent calling for re¬ 
construction. In 1915, about 15§ years after the line was 
completed, the number of poles which had reached a point re¬ 
quiring reconstruction was probably about 5 per cent of the 
number installed. A little over 7 per cent of the poles showed 
signs of deterioration in 1906, while in 1915, the percentage 
showing signs of deterioration had risen to 33. 

It will be seen from comparisons of the soil data relating to 
moisture, altitude, and proximate composition, that the surround¬ 
ings of the poles had some influence upon the beginning of decay. 
The proportion of decayed poles located in soils classed as dry 
is above the average. The difference in altitude along the route 
followed by this line is not great but it will be noticed that the 
locations classed as high had more than the normal proportion 
of decayed poles. Corresponding to these two indications it 
will be found from the data relating to soil composition that 
the lowest proportion of decayed poles was located in muck, 
which would necessarily be found in low, moist situations, where¬ 
as clay and loam, which would be found mainly in the higher 
and drier locations, show more than average percentages of de¬ 
cayed poles. 

From the section of Table VI, summarizing the external ap¬ 
pearance of the poles, it will be seen that the bleached and 
other lighter colored poles yield a percentage of decayed speci¬ 
mens considerably above the average for all poles inspected. 
For e xam ple, 57 per cent of the poles classified as “ well bleached” 
were found to be decayed, as against 13 per cent of the poles 
classed as “dark.” 

The condition of the pole with respect to adhering tar also 
was found to offer distinctions in resistance to decay. Fifty-six 
per cent of the poles showing no tar were decayed, as against 
30 per cent decayed among poles showing streaks of tar near 
the ground line, and 18 per cent decayed for poles streaked 
with tar throughout their length. 

The lighter colored poles, and the poles carrying little or no 
tar, are presumably those which originally contained less than 
the average amount of preservative so that their greater tendency 
to decay reinforces the conclusion that life will increase with 
the amount of preservative applied. 

The cause for the entrance of decay was recorded in the case 
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of poles which had not deteriorated to an extent sufficient to 
render such a determination impossible. It will be seen from 
the data relating to this subject, summarized in Table VI, that 
“ checks ” and “ shakes ” were the only important causes for 
the entrance of decay noted. 

It will be noticed that insects were present in a con¬ 
siderable proportion of the decayed poles. White ants 
(termites) were found in 48 per cent of the poles injured by 
decay and in practically every case this insect contributed 
to the injury. Round headed borers were found in about 
10 per cent of the poles. These insects also are responsible 
for some injury to poles. The other insect forms reported 
do not seem to be responsible for any damage to the pole 
but probably entered the pole after decay had made cavities 
in the wood. Whether the white ants' and the round headed 
borers produced the initial injury to the pole structure in any 
case was not determinable. Large checks were noted in 5 per 
cent of the sound poles and 30 per cent of the decayed poles. 
Forty per cent of the poles attacked by white ants contained 
large checks. This would suggest that the entrance of the white 
ants was to some extent aided by breaks in the external layers 
of impregnated wood but w 7 e have not as yet been able to reach 
any conclusive determination upon this point. 

Retention of Preservative by Poles . Evidence has already been 
brought out in discussing the results of inspections of creosoted 
pole lines indicating that the tendency of the creosoted pole to 
decay is dependent to some extent upon the quantity of preserva¬ 
tive which it contains. Creosoted poles have to be prepared in 
large batches. The amount of oil used for impregnating a 
cylinder charge is readily determinable but such a determina¬ 
tion affords no means for ascertaining whether all of-the poles 
treated at the same time receive equal shares of the preservative. 
Measurements of penetration upon individual poles are of some 
assistance in bringing the minimum impregnation nearer to 
the average, but the variations in the thickness of the sapwood 
layer in the different trees interferes with a requirement for 
uniform depth of penetration. Since some control can be. ex¬ 
ercised over the impregnation of the individual pole, and since 
there is some reason to believe that the presence of at least a 
minimum amount of preservative is needed for the prevention 
of decay, information bearing on the retention of the preserva¬ 
tive by poles in service possesses much practical interest. Changes 
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which the oil used for impregnating a pole undergoes during 
the period of service also have an important bearing upon the 
choice of preservatives. 

It has been found possible to extract dead oil of coal tar 
from treated timber without appreciable contamination from 
the resins and oily substances which may be present as normal 
constituents of the wood. Several of the creosoted poles in 
the two lines just discussed have been subjected to this extrac¬ 
tion process. The composition of the extract obtained has 
been studied in all cases and in some of the cases determinations 
have also been made of the amount of extract obtained from 
unit volumes of the timber. The results of this work are sum¬ 
marized in Table VIII. 

It will be seen that extractions of preservative have been 
made both from the top and the butt sections of poles. The 
top of the pole is exposed to the action of sun, air, and rain. 
The action of gravity also tends to produce movement of the 
preservative towards the butt of the pole. The butt end of the 
pole, being surrounded by the soil, is much less subject to loss 
by evaporation, since the direct access of air to it is slight and 
heating through direct exposure to the sun is eliminated. 
Some evaporation can probably occur through porous soil and 
some through the vessels of the pole timber. The removal 
of any soluble constituents of the preservative is, of course, 
facilitated by the exposure of the butt to ground water. 

Examination of the table of analyses will show that the con¬ 
ditions to which the top of the pole is exposed cause a more 
rapid removal of the volatile constituents of the preservative 
than occurs in the butt section. Analytical data showing the 
composition of the oil with which a particular pole was im¬ 
pregnated 'are not available but the average results of all tests 
made on oil used for treating the poles in the Washington- 
Norfolk and the Mongtomery-New Orleans lines are given in 
Appendix “A.” It will be seen by comparing the average 
results with the individual data of Table 8 that the poles have 
suffered losses in the proportion of low boiling constituents. 

The data indicate that no appreciable loss by evaporation 
occurs in the case of constituents of the oil distilling above 
270 deg. cent. Such cases as pole No. 10,272 of the Mont¬ 
gomery-New Orleans line, which shows the least amount of 
preservative in the top section of the pole, with increasing 
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amounts as sections are examined nearer to the butt end of the 
pole, illustrate the effect of gravity in removing preservatives 
from the upper parts of the pole. This pole No. 10,272, it may 
be noted, was exposed in a warmer climate than the other poles 
reported upon and the minute percentages of low boiling con¬ 
stituents remaining in the sections above the ground line un¬ 
doubtedly are a consequence of the temperatures to which it 
was exposed. The retarding effects exercised by envelopment 
with soil upon the evaporation of preservative are well illus¬ 
trated in the case of the section of this pole taken from below 
the ground line, which contained substantial amounts of oil 
boiling below 270 deg. cent. 

It will be noticed that the section of pole No. 5348 of the 
Washington-Norfolk line taken from just above the ground 
line shows a smaller quantity of preservative extracted than 
was^obtained from the top section. This pole was removed on 
account of decay which had entered at one side in the ground 
line section and had destroyed practically all of the untreated 
central portions of the pole wdien it was removed from service, 
The decayed section had a sound treated shell near the point 
where decay entered which was much thinner than the shell 
on the opposite side of the pole. It seems probable that this 
ground line section was deficient in impregnation and that the 
irregularities noticed in the analytical results are a consequence 
of this deficiency. 

As indicatedin TableVIII, the first poles subjected to extraction 
were removed from the line in 1906. These pole samples were 
divided among several laboratories. Dr. Von Schrenk* pub¬ 
lished the results of his work.upon these samples in the follow¬ 
ing year. The results obtained with these poles, together with 
other work of a similar nature brought out at the same time, 
have since exercised a strong influence upon developments re¬ 
lating to the choice of preservatives. 

Butt Treatments 

The investigations relating to butt treated poles which we 
shall describe, have been carried on in cooperation with the 
United States Forest Service. The numerous publications re¬ 
lating to this work listed in Appendix A illustrate the great care 
and attention which the Forest Service has given to these pro¬ 
jects. The development of the open tank treatment for poles 

*See Appendix A—Bibliography—for reference. 
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is probably the most prominent contribution from the Forest 
Service, but the preparation of all poles for the experiments 
was also carried on by its representatives and the attention which 
was given to details in this work has been found to be of the 
greatest value. 

The Brush Treatment . The first use of the brush treatment 
in telephone construction and, so far as our information goes, 
the first application to poles, was made by the Colorado Tele¬ 
phone Company. In June, 1899, a 30-ft. Michigan cedar pole 
line was built between Denver and Boulder. Four hundred 
and twenty of the poles used in this line were treated with 
carbolineum; the oil being heated to temperatures of from 
120 deg. to 150 deg. fahr., and applied to the butts of the poles 
with a wide brush. With the treated poles, an approximately 
equal number of untreated poles was installed, each of these 
two classes being set alternately in groups of five. 

The country through which this line passes is, rough; the 
soil is composed of “ gumbo,” black clay, rock and sand; part 
of the line is located in swampy ground. In August, 1903, an 
inspection was made of representative sections of the line. 
It was found that the poles which had been treated were sound, 
while the poles which had not been treated were found to have 
decayed to a depth of from J of an inch to 1§ inches. Sub¬ 
sequent inspections made of this line have confirmed the con¬ 
clusion, drawn after the first inspection, to the effect that the 
brush treatment was successful in preserving the-poles. Ex¬ 
perience with other lines, built shortly after, upon which the 
brush treatment was used, developed the very important con¬ 
clusion that success with the brush treatment could only be 
expected when it was applied to seasoned poles. 

In applying a brush treatment, that part of the surface of 
the pole which it is desired to protect by the preservative should 
first be thoroughly cleaned. All dirt, adhering inner bark, soft 
or decayed timber, etc., should be cleared away. The pole 
should be seasoned before it is attempted to apply the treat¬ 
ment and the surface which it is desired to treat should be dry. 
The preservative is applied to the cleaned surface by means^ of 
a brush, preferably one with a long handle. The application 
is most conveniently carried out when the pole is placed so that 
it can be rotated while the preservative is applied to the upper 
segments of its surface. The pole is turned until the entire 
surface has been coated. As the aim of the process is to im- 
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pregnate the timber, the surface which is being brushed should 
be kept flooded with the preservative and care should be taken 
to cause the preservative to enter all cracks, checks, knot holes, 
etc. The best results will be obtained by applying a second 
coat of preservative after the first coat has had time to work 
its way into the wood. Although some preservatives will give 
fair penetration when applied cold, the best results with any 
preservative are undoubtedly obtained when it is heated before 
application, preferably to from 150 deg. to 200 deg. fahr. 

The extent of the surface to which the treatment is applied 
can best be determined after consideration of the characteristics 
of the soils in which the treated pole may be placed. It does 
not seem to be necessary to carry the treatment from a point 
above the ground line all the way to the lower end of a pole 
except in cases where heavy decay takes place near the butts of 
untreated poles as well as in the ground line section. For the 
usual case of heavy decay concentrated at the ground line sec¬ 
tion, a treatment extending from one foot above the ground line 
to two feet below it should be sufficient. Most of the poles to 
be reported upon were treated from a point two feet above the 
butt of the pole to a point eight feet above the butt. The 
cedar poles locally treated in Nebraska and placed in the Omaha- 
Denver line were, however, only treated in the ground line sec¬ 
tion, i.e.j from about one foot above the ground line to about 
two feet below it. 

The Open Tank Treatment. When plans are being made for 
the experiments with poles whose results we are about to de¬ 
scribe, much thought was given to methods which could be used 
as an alternative to brush treatments. Several methods were 
given a preliminary trial but the only one which was found to be 
practicable was that to which the name of the open tank treat¬ 
ment has been given. Various timber parts had previously 
been treated by immersion in hot or cold preservative but the 
first application of this type of process for treating the butts 
of poles appears to have occurred in the case of these experiments. 

The process consisted in immersing the butt ends of the poles 
to be treated in the hot preservative and keeping them immersed 
until the bubbling, caused by air or water escaping from the 
pole, ceased. The hot oil was then allowed to cool and the 
vacuum created in the cells of the pole timber in the course of 
the heating assisted in drawing oil into the wood. In the earlier 
work with this process, 24 hours was occupied in dealing with a 
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charge of poles, the heat being kept up during the greater part 
of the working day. The oil was allowed to cool over night and 
the poles withdrawn from the bath the next morning. In the 
later work, particularly in the case of chestnut poles treated at 
Parkton, Md., the possibility of shortening the period of heating 
was studied and a considerable reduction in the total time re¬ 
quired for treatment attained. 

The open tank treatment causes a substantially greater 
penetration of the preservative into the wood than does the 
brush treatment. Measurements of penetration upon “ open 
tank ” poles show a range in depth of penetration from | of 
an inch to \ of an inch or more, while penetration with the 
brush treatment may range from a little over 1/16 of an inch 
to somewhat under \ of an inch. The open tank treatment 
uses much larger quantities of preservative per pole than the 
brush treatment, as will be seen from the data assembled in 
the tables relating to poles handled under these two processes. 
This increase in the quantity of preservative absorbed is due 
to the greater depth of penetration and to the greater length 
of pole butt treated. 

Distribution and Location of Experimental Series . Three in¬ 
dependent series of poles have been installed in order to secure 
an experimental determination of the effect of butt treatments. 
The first series was located in the Savannah-Meldrim line of the 
Southern Bell Telephone and Telegraph Company. The in¬ 
stallation of the poles was completed in the summer of 1905. 
The experimental poles are located just west of Savannah in 
the relatively low land which reaches back from the seacoast 
border of the State of Georgia. This location was known to be 
one in which untreated poles decayed at a relatively rapid rate. 
It was selected with a view to obtaining a severe test of the ex¬ 
perimental treatments and with the hope that conclusive re¬ 
sults as to their efficiency could be obtained in a relatively short 
time. 

The second series of poles was installed in the late summer 
and fall of 1905 in the Buffalo-Warren line of the American 
Telephone and Telegraph Company. The experimental poles 
were placed in a section of this line lying between Gowanda, 
N.Y., and Warren, Pa. About two-thirds of the poles are north 
and one-third south of Jamestown, N. Y. The experimental 
poles are located in a rolling country. The settings are well 
distributed between hill and valley surroundings, The hills 
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grow higher and more precipitous as the southern end of the 
section is approached. This location was chosen so as to give 
evidence as to the behavior of treated poles in the northern part 
of this country. It was not expected that deterioration would 
be as rapid as in the Savannah-Meldrim line and experience 
has justified this expectation. 

The third experimental series was placed in the Omaha- 
Denver line of the American Telephone and Telegraph Com¬ 
pany. Most of the experimental poles were located between 
Ashland and Lincoln, Neb., but one group of about 300 poles 
was placed considerably west of this section near North Platte, 
Neb. The country in which this series is located is relatively 
level with moderate undulations, gradually rising in altitude 
towards the West. The line was built in 1910. Of the three 
lots of experimental poles placed, one had been prepared late 
in 1906 and another early in 1907. As these poles had to be 
held for three years before a location could be secured, it was 
thought that changes might have occurred during the period 
of storage which would tend to increase their rate of deteriora¬ 
tion. Several hundred cedar poles were, therefore, brush treated 
under carefully observed conditions at the time the line was 
built and set in groups with untreated cedar poles so as to 
afford a check upon the behavior of the treated poles which 
had been kept in storage. 

Preservatives Used. The preservatives used in all brushy and 
open tank treatments reported upon were distillates of either 
coal tar or wood tar. Six of the preservatives used were pro¬ 
prietary compounds sold commercially under trade names. 
These six preservatives have been given letter designations and 
will be referred to by these letters throughout this paper. 

The only other preservative used was dead oil of coal tar. 
As will be seen from the analyses of this material which we give, 
the dead oil used in the experimental work was a good repre¬ 
sentative of the product ordinarily obtainable for creosoting 
treatments in the market at the time the experiments were 
started. Since then a tendency has arisen for giving preference 
to dead oils containing less low'-boiling constituents. In con¬ 
sequence of this change in opinion the dead oil which was used 
would today be regarded as a little below the standard grade. 

The six proprietary preservatives and the dead oil of coal 
tar were each used independently for brush treating experi¬ 
mental poles. Only dead oil of coal tar was used in preparing 
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the open tank treated poles. The much greater quantity of 
preservative needed for the open tank treatment makes the 
employment of a low-priced preservative desirable and the dead 
oil of coal tar was distinctly lower in price than any of the other 
preservatives experimented with. 

Analyses were made of all of the preservatives experimented 
with. These analyses have been collected and are given in 
detail in an appendix.* 

Experience with Coal Tar. In addition to the experiments 
outlined above, treatments with undistilled coal tar and un¬ 
distilled pine tar were also applied to a number of poles included 
in the Savannah-Meldrim and the Buffalo-Warren series. The 
tar was heated and applied to the pole by a brush just prior to 
setting. No appreciable penetration into the wood was obtained. 
The tar formed a substantial superficial coating which, in most 
cases, still appeared to be in good condition when the first in¬ 
spections of the experimental poles were made four to five years 
after their setting. It was found, however, that this superficial 
coating was ineffective in preventing decay so that the tar 
coated poles had deteriorated practically to the same extent 
as adjacent untreated poles. This experience indicates clearly 
the ineffectiveness of a tar coating from a preservative stand¬ 
point and no further reference to the tar coated poles reported 
upon in the tables of results will be made in the discussions to 
follow. 

Savannah-Meldrim Line. The experimental series placed in 
the Savannah-Meldrim line included approximately equal 
numbers of juniper (chamaecyparis thyoides) and of chestnut 
(castanea dentata) poles. The juniper poles were collected at 
Wilmington, N. C., for seasoning and treatment. The chest¬ 
nut poles were collected at Mt. Pisgah, N. C., for similar work. 

Brush treatment was the only method of preservation em¬ 
ployed in preparing the treated poles in this line. All of the 
brush treated poles had been seasoned prior to their treatment. 
Half of the poles included in the experimental series were un¬ 
treated and were set for the purpose of giving direct compari¬ 
sons with the treated poles. A little more than half of the 
untreated poles were seasoned; the remainder were green when 
set. 

Treated and untreated poles of the same species were placed 
alternately in the line. The exact order of setting i s shown in 

*See Appendix B—Analyses of Preservatives. 
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detail in Table IX. The poles were classified so that the 
seasoned poles contained in each sub-series of 34, such as is 
shown in Table IX, had been subjected to seasoning for the 
same length of time. There were 12 sub-series of jumper poles 
and 12 sub-series of chestnut poles. 



TABLE IX. 


No. of 
pole 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 


Condition 
when set 


Seasoned 

Seasoned 

Seasoned 

Green 

Seasoned 

Seasoned 

Seasoned 

Green 

Seasoned 

Seasoned 

Seasoned 

Green 

Seasoned 

Seasoned 

Seasoned 

Green 

Seasoned 

Seasoned 

Seasoned 

Green 

Seasoned 

Seasoned 

Seasoned 

Green 

Seasoned 

Seasoned 

Seasoned 

Green 

Seasoned 

Seasoned 

Seasoned 

Green 

Green 

Seasoned 


Preservative applied 


Preservative “ A ” 
Preservative “ A ” 
Preservative “ B ” 
Preservative “ B ” 
Preservative 44 C ” 
Preservative 44 C ” 
Dead Oil of Coal Tar 
Dead Oil of Coal Tar 
Dead Oil of Coal Tar 
Dead Oil of Coal Tar 
Preservative 44 E ” 
Preservative “ E ” 
Preservative “ P ” 
Preservative 44 F ” 
Coal-tar 
Coal-tar 
Coal-tar 


Method of 
treatment 


Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 

Brush 

Untreated 


Note: The above series was repeated 24 times, series No. 2 beginning with pole 
No. 35, series No. 3 with pole No. 69, etc. 


•? 

\ 

I 



Several of the poles prepared for the experiment were injured 
in the course of transportation or setting. Several other poles 
to which it was intended to apply treatment failed to receive 
it on account of the supply of some of the preservatives running 
short. In consequence of this, it will be seen on examining Table 
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X, which gives the experimental data secured from the Savan- 
nah-Meldrim line, that there were slight deviations from the 
arrangement indicated by Table IX. 

Four inspections have been made to determine the condition 
of the experimental poles in the Savannah-Meldrim line. The 
first inspection was made in May 1909, about four years after 
the poles had been placed. The second inspection was made 
in November 1910; the third inspection in February 1912; 
and the fourth inspection in November 1913. In inspecting 
poles the earth was dug away to expose the ground line section 
for a depth of nearly two feet. The condition of the section 
was then carefully determined. Poles which showed no signs 
of deterioration or decay were classified as “ sound.” As was 
to be expected, the application of this designation was practi¬ 
cally restricted to treated poles. Poles showing signs of de¬ 
terioration or decay were carefully examined to determine the 
extent of the change. All soft and decayed matter which would 
interfere with the determination of the ground line circum¬ 
ference of sound wood was removed and the circumference then 
measured. All “ pockets ” of decay, whether external or 
internal in location, were carefully explored and measured, so 
that a proper reduction factor could be applied to the measured 
ground line circumference in order to obtain the ground line 
circumference equivalent to the amount of sound wood re¬ 
maining in the pole. 

During the course of each inspection special attention was 
given to the condition of any poles showing substantial deteri¬ 
oration with a view to determining whether they had fallen 
below the standard established for the maintenance of the line* 
Careful record was kept of all poles which were found to have 
fallen below the standard of maintenance, and of the methods 
selected by the Southern Bell Telephone and Telegraph Company 
for the reconstruction of these poles, whether by resetting, re¬ 
inforcement or replacement. Record was also kept of any of 
the experimental poles undergoing reconstruction between in¬ 
spections and of the cause for the line change. Where recon¬ 
struction has occurred due to other causes than deterioration 
by decay allowance for the fact has been made in the sum¬ 
marizing of the data. 

Table X sets forth in summarized form the data relating 
to individual poles accumulated in these inspections. The 
table includes data relating to the seasoning and the treatment 
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of the poles and the results of each inspection with respect to 
soundness, changes in circumference of good wood, and recon¬ 
struction work. It will be seen that by the time of the first 
inspection four years after the date of setting, decay had set 
in in the case of practically all untreated poles but that only a 
moderate proportion of the treated poles had at that time been 
affected by decay. The percentage of treated poles remaining 
sound decreased with each subsequent inspection, so that at 
the time of the last inspection in 1913 about 20 per cent of the 
juniper poles and about 40 per cent of the chestnut poles were 
still free from decay. 

The changes in the circumference of sound wood are set 
forth in considerable detail. Where a large part of the poles 
which were subjected to any particular method of preservation 
are still sound, the average decrease in circumference for the 
group will necessarily be comparatively small because the divisor 
includes a large number of units which have not contributed to 
the decrease. Average changes in circumference for poles 
which showed decay are, therefore, given. Under the severe 
conditions of exposure which characterize this line, the decay 
of a pole which is at or near the end of its serviceable life, is 
liable to proceed rapidly. Because of this, it has been found 
desirable to give also the average decrease in circumference 
computed with the poles designated for reconstruction elim¬ 
inated from the divisor. The table also gives the average de¬ 
crease in circumference between inspections for poles show¬ 
ing decay at earlier inspections, and the maximum and mini¬ 
mum decrease in circumference recorded at each inspection, 
for the poles subjected to each' particular treatment. 

The last group of data included in the table shows the number 
of units subjected to reconstruction on account of deterioration 
by decay up to the end of each inspection. The figures given 
here include not only the poles designated for reconstruction 
on account of the results of the inspection but also any poles 
which may have been reconstructed either directly on account 
of decay between inspections or which were decayed to such 
an extent at the previous inspection that their reconstruction 
for that cause after the following inspection was certain although 
the nominal cause of removal may not have been given as. decay. 
It will be noticed that over 80 per cent of the untreated juniper 
poles had been reconstructed by 1913, as against about 30 per 
cent of the treated poles. About 30 per cent of the untreated, 
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and a little over 10 per cent of the treated chestnut poles have 
undergone reconstruction. 

' Buffalo-Warren Line. The experimental series placed in the 
Buffalo-Warren line was made up wholly of chestnut poles. 
These poles had been prepared in two groups. One group was 
collected at Thomdale and Paoli, Pa.; the other at Dover and 
Mt. Arlington, N. J. 

The Thorndale-Paoli group consisted of equal numbers of 
treated and untreated poles. About one-third of the treated 
poles had been subjected to the open tank process. Four- 
fifths of the open tank poles had been seasoned prior to treat¬ 
ment; one-fifth were treated in the “green” state. About 
two-thirds of the treated poles had been given a brush treat¬ 
ment; all of these poles had previously been seasoned. When 
this group was installed, treated and untreated poles were 
placed alternately in the line. The exact order of setting is 
shown in Table XI, which covers a sub-series of 34 poles. 
There were 24 such sub-series in the group. No attention was 
given to period of seasoning in arranging the poles for setting. 

The Dover-Mt. Arlington group consisted of about three- 
treated and two-fifths untreated poles. A little less 
than one-third of the treated poles were prepared by the open 
tank process; all but one of these had been seasoned before 
treatment. The other treated poles had received a brush 
treatment after seasoning. Nearly all of the untreated poles 
had been seasoned. These poles were not set in any regular 
order and were scattered in groups of irregular size among un¬ 
treated poles brought from other sources. 

Two inspections have been made to determine the condition 
of the experimental poles in the Buffalo-Warren line. The first 
was made in September, 1910, about five years after the line 
was built. The second inspection was made three years later, 
in September, 1913. The methods of inspection employed 
have already been described in connection with the Savannah- 
Meldrim line. 

Table XII sets forth in summarized form the data relating to 
individual poles accumulated in these inspections. No poles 
have decayed to an extent necessitating reconstruction. The 
tables therefore show only the proportion of sound specimens 
noted and the magnitude of the circumference changes. Sum¬ 
marized data bearing on the seasoning and treatment of the 
poles are also included. 
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It will be noticed that while decay had begun on practically 
all untreated poles when the first inspection was made, the 
decreases in circumference average much lower than in the 
Savannah-Meldrim line. The number of brush-treated poles 


TABLE XI. 


No. of 
pole 

Condition 
when set 

Preservative applied 

Method of 
treatment 

1 

Seasoned 

Preservative “ A ” 

Brush 

2 

Seasoned 


Untreated 

3 

Seasoned 

Preservative “ A ” 

Brush 

4 

Green 


Untreated 

5 

Seasoned 

Preservative “ B ” 

Brush 

6 

Seasoned 


Untreated 

7 

Seasoned 

Preservative “ B ” 

Brush 

S 

Green 


Untreated 

9 

Seasoned 

Dead Oil of Coal Tar 

Brush 

10 

Seasoned 


Untreated 

11 

Seasoned 

Dead- Oil of Coal Tar 

Brush 

12 

Green 


Untreated 

13 

Seasoned 

Dead Oil of Coal Tar 

Open-tank 

14 

Seasoned 


Untreated 

15 

Seasoned 

Dead Oil of Coal Tar 

Open-tank 

16 

Green 


Untreated 

17 

Seasoned 

Preservative “ E ” 

Brush 

18 

Seasoned 


Untreated 

19 

Seasoned 

Preservative “ E ” 

Brush 

20 

Green 


Untreated 

21 

Seasoned 

Dead Oil of Coal Tar 

Open-tank 

22 

Seasoned 


Untreated 

23 

Seasoned 

Dead Oil of Coal Tar 

Open-tank 

24 

Green 


Untreated 

25 

Seasoned 

Preservative “ F ” 

Brush 

26 

Seasoned 


Untreated 

27 

Seasoned 

Preservative “ F ” 

Brush 

28 

Green 


Untreated 

29 

Seasoned 

Coal-tar 

Brush 

30 

Seasoned 


Untreated 

31 

Seasoned 

Coal-tar 

Brush 

32 

Green 


Untreated 

33 

Green 

Dead Oil of Coal Tar 

Open-tank 

34 

Seasoned 

% 


Untreated 


Note: The above series was repeated 24 times, series No. 2 beginning with, pole No. 35, 
series No. 3 with pole No. 69, etc. 


remaining sound in 1913 is a little less than 50 per cent of. the 
total number installed. Only slight changes in the condition 
of the open tank treated poles installed have been noted and only 
a little over one per cent of the poles show these changes in 
condition. 
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Omaha-Denver Line. The plans for the service tests of butt 
treated poles included, in addition to the series placed in the 
two lines already described, two other experimental groups 
which were to be prepared independently. Four hundred and 
sixty-five Eastern white cedar (thuya occidentalis) poles were 
collected at Escanaba, Mich., and held for seasoning until the 
latter part of 1906. Approximately three-fif.ths of the poles 
were then treated, about one-third being subjected to the open 
tank treatment and the remaining two-thirds being about 
equally divided for brush treatment by two different preserva¬ 
tives. 

Five hundred and forty-two chestnut poles were at the same 
time being collected at Parkton, Md. After the process of 
seasoning had been studied with these poles one-third were 
given an open tank treatment and another third a brush treat¬ 
ment,, two different preservatives being employed in this latter 
case. 

Both the Escanaba and the Parkton poles were finished at a 
time when an opportunity of placing an experimental group of 
poles consecutively in line could not easily be found. The two 
lots of poles were held for three years awaiting a suitable occasion 
for their installation. When' plans were completed for setting 
them in 1910 it was felt that the long period of holding might 
have produced changes affecting the efficiency of their preserva¬ 
tive treatments. As the plans for building the Omaha-Denver 
line of the American Telephone and Telegraph Company, in 
which these two experimental groups were to be used, called 
for the brush treatment of several thousand Eastern white 
cedar poles, the construction work was arranged so that the 
brush treatment of several hundred poles was carried out under 
observed conditions. Dead oil of coal tar was applied to about 
half of the poles thus treated and a high-boiling distillate of coal 
gas tar (preservative A ) was applied to the remainder. Un¬ 
treated poles were set aside in sufficient number to permit of 
setting one untreated pole for each two brush treated poles of 
this third experimental group. The poles included in this group 
had all been held in storage for a long time and were consequently 
well seasoned. 

The Parkton poles were set near the eastern end of the new 
construction. The Escanaba poles were placed next in the line 
and next to them about two-thirds of the experimental lot pre¬ 
pared at the time of building the line. No exact order was 
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followed in placing the Parkton and the Escanaba poles but a 
reasonably uniform distribution of the three types of treatment 
and of- the untreated poles was attained. About half of the 
freshly treated poles were so installed as to give uniform series 
with each of the three methods of preparation grouped inde¬ 
pendently of the others. The other half of the poles were set 
so that an untreated pole alternated between each of the two 
types of brush treated poles. About 300 poles of the 1910 
experimental group were given a location some 200 miles west 
of the other experimental poles near North Platte, Neb. These 
poles were set so as to bring an untreated pole between each of 
the two kinds of brush treated pole. 

The installation of these experimental poles was completed 
in 1910. The first inspection to determine condition was made 
in 1914 after four years’ exposure. The results of this inspec¬ 
tion are given in Table XIII. 

It will be noticed that nearly all of the poles subjected to 
the open tank treatment show no change in condition. The 
brush treated poles show relatively much greater percentages 
affected by decay than was the case with corresponding treat¬ 
ments in either of the other two lines reported upon. The 
greater proportion of decay with the poles brush-treated with dead 
oil of coal tar included in the groups treated at Parkton and 
Escanaba probably has some connection with the relative 
volatilities of dead oil of coal tar and of preservative A. The 
dead oil of coal tar contains a substantially greater proportion 
of low boiling constituents than preservative A so that with 
the exposure of the treated .poles to the sun and air for three 
years a considerable reduction in the amount of preservative 
retained by the pole may well have occurred. A rather severe 
tendency to checking was also noticed which is particularly 
marked in the case of some of the chestnut poles from Parkton. 
Poles which have reached the limit of air seasoning still retain 
large percentages of moisture in their interior sections. It is 
possible that this internal moisture began to evaporate in the 
relatively dry climate of Nebraska and this evaporation may 
be the cause of the heavy checking. 

Better results in the way of preservation were obtained in 
the case of the poles treated when the line was built. Here 
there is very little distinction between the results obtained with 
the two kin ds of preservative used. It is to be noted that the 
poles treated had been held for rather long periods and were 
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very likely held beyond the time necessary for seasoning. As 
will be pointed out subsequently, holding for a period much 
longer than that needed to bring about seasoning is disadvanta¬ 
geous from the standpoint of obtaining the best results in the 
way of preservation. 

Another feature of interest brought out in the inspection of 
this line is the large proportion of chestnut poles in which bor¬ 
ing beetles (parandra brunnea) were found. It has not been 
possible to determine whether these insects entered the poles 
after their setting or whether they first entered some of the 
poles at a point of storage and distributed themselves along the 
line after setting. 

It will be noticed that the rate of decay, as indicated by 
the change in circumference, is relatively rapid. The average 
circumference change for treated poles showing decay would 
indicate that on many of these poles decay began not long after 
their setting. 

Discussion of Experience with Butt-Treated Poles. The 
choice of treated poles in preference to untreated poles for 
constructing a line must necessarily be based on some expecta¬ 
tion of an advantage to be gained. Ordinarily the advantage 
looked for would be longer life for the treated poles as compared 
with the untreated. A close determination of the gain in life 
due to treatment can only be secured when it is possible to com¬ 
pare the complete life history of a series of treated poles with 
that of a series of untreated poles exposed under comparative 
conditions. 

It will be seen that the experience which we have just de¬ 
scribed has not been long enough to give the complete life history 
of any of the experimental series. It has, however, been long 
enough to substantiate the expectation that butt treatments 
will increase the life of poles and to yield considerable informa¬ 
tion of value to any one contemplating the use of treated poles. 

The open tank treated poles show a negligible amount of 
impairment up to the date of the latest inspections. The super¬ 
iority of the results obtained with the open tank poles as com¬ 
pared with the brush treated poles placed in the same localities 
is evident. Since so little change in condition has occurred in 
the case of the open tank poles, it is, however, impossible to 
find a basis for formulating an opinion as to what may be ex¬ 
pected from these poles as the experiment continues. While, 
therefore, there is no question but that the best results in the 



P.H5| 


PRESERVATIVE TREATMENT OF POLES 


2575 


butt treatment experiments are to be credited to the open tank 
treated pules, the data obtained from the brush treated poles 
yield much more information relative to the limitations of that 
process, so that we shall find it necessary to confine further 
discussion to the brush treatment. 

A glance at the tables of results obtained with brush treat¬ 
ments in the different experimental series will show that the 
application of the treatment to poles has retarded the begin¬ 
ning of decay for a considerable number of years. A question 
immediately occurs, however, as to whether the rate of decay 
for treated poles may not be greater than for untreated poles 
so that the advantage clue to this retardation of its incidence 
could ultimately be lost. 

So me answer to this question is afforded by the data which 
we have been able to gather. In the ease of one experimental 
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■,'fiiup, tlie juniper poles placed in the Savannah-Mcldrim line, 
all lint a tew of ( lie untreated specimens had, at the date of the 
last, inspection, in HUS, reached the end of their serviceable life. 
By far the greater part, of the treated specimens were still in 
serviceable condition at the 1913 inspection, so that in this 
one ease we have direct, evidence that an increased life will 


result from the treatment. 

While suhst.anf.ial percentages of treated poles in all of the 
other experimental groups are still sound, decay on the corres¬ 
ponding untreated poles has not advanced so far as to have 
brouphi a majority of them to the end of their serviceable life. 
The data uceumuiated with respect to changes in the circum¬ 
ference of sound wood afford, however, an indication of what 
may be expected in the future from these experimental groups. 
To illustrate the application of the circumference data, Fig. 1 
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and Fig. 2 are submitted. In Fig. 1 the average decrease in 
circumference is plotted against years of exposure for seasoned 
untreated juniper poles and for juniper poles brush treated 
with preservative A and with dead oil of coal tar. As a divisor 
which includes sound poles and poles which are decaying is 
necessarily used in obtaining the average decrease in circumfer¬ 
ence for the brush treated poles, we show also a curve for the 
average decrease in circumference of poles on which decay 
has started, combining in this case the results obtained with 
preservatives A and B, and dead oil of coal tar, in order to in¬ 
clude enough poles to insure representative results. In order 
to bring the curves for untreated and treated poles close to¬ 
gether the scale for years of exposure of the treated poles has 
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AVERAGE DECREASE IN CIRCUMFERENCE-INCHES- 


Fig. 2—Rate of Decay, Chestnut Poles—Savannah-Meldrim Line 


been shifted. Fig. 2 gives similar curves for the chestnut poles 
in the Savannah-Meldrim line. It will be seen on comparison 
of these curves that up to date no indication has been given 
that decay will proceed more rapidly on treated poles, once it 
starts, than it does upon untreated poles. The indications are, 
therefore, that any gains due to the retardation of the begin¬ 
ning of decay through treatment, will be retained. 

Before concluding with this branch of the subject it seems 
worth while to describe an excellent illustration of the practical 
value of treated poles. The Savannah-Meldrim line was ex¬ 
posed to a severe wind storm in August 1911, which caused the 
breaking of twelve consecutively placed poles in the juniper 
section of the experimental series. Six of the twelve poles 
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were untreated. Four more had been treated with, coal tar and, 
as already noted, poles receiving this treatment have decayed 
very much as if they had received no treatment at all. All of 
these ten poles and one other pole which had been treated with 
preservative E had decayed to an extent requiring reconstruc¬ 
tion, but the work of reconstruction had not at the time been 
performed. The twelfth pole "which had received a brush treat¬ 
ment w r ith dead oil of coal tar, was only slightly above the re¬ 
placement dimensions for the line and was separated from the 
next treated pole, to which dead oil of coal tar had also been 
applied, by one of the untreated poles which fell. This last- 
mentioned pole treated with dead oil of coal tar w T as still sound 
and although unguyed and fully exposed to the force of the 
wind, stopped the break in its direction. In the other direction 
another brush treated pole which had suffered only slightly 
from decay also stopped the break, although it again was unguyed 
and exposed to the full force of the wind. 

Increase in Life. In the present state of our information only 
approximate estimates can be given of the effect of brush treat¬ 
ment in increasing the life of poles. When all of a given group 
of poles have completed their period of service the computation 
of their average life is simple. The same method of computa¬ 
tion can be applied when the number of poles in a group still 
left in service represents only a small percentage of the poles 
originally exposed as fairly large errors can be made in estima¬ 
ting the expectation of life for the poles still in service "without 
causing any substantial deviation in the average life for the 
group. 

The only groups of poles in the several experimental series 
which have deteriorated to a point where this method of com¬ 
putation can safely be applied are the untreated seasoned and 
11 green 55 juniper poles in the Savannah-hdeldrim line. The 
results of such a computation for these tw^o groups of poles are 
shown in Table XIV } which indicates an average life of seven 
and two-tenths years for the seasoned untreated juniper poles 
placed in this line and an average life of seven and five-tenths 
years for the “ green ” untreated poles placed in this line. The 
conditions to which poles placed in this line are exposed were 
known to be unusually severe when the experiment was started 
and the location was chosen because of this. In spite of the 
very severe conditions of exposure none of the other experi¬ 
mental groups in this line have deteriorated to a point where 
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we can find a basis for applying the same method of computa¬ 
tion to determine their life. 

One other method for estimating the gain in life due to treat¬ 
ment remains. It is based on the evidence illustrated in Fig. 1 
and Fig. 2, indicating that when decay starts in a treated pole 
it does not proceed at any higher rate than in an untreated 
pole. If the rate of decay for treated poles is not greater than 
it is for untreated poles the number of years elapsing before 
the treated poles begin to decay will yield an approximate in¬ 
dication of the gain in life, as, under average conditions, not 
many months should elapse after setting before untreated poles 
show at least some slight signs of decay. Computations of 


TABLE XIV 

LIFE OF EXPERIMENTAL UNTREATED JUNIPER POLES IN THE SAVANNAH- 
MELDRIM LINE 


Year 

of 

inspection 

Years 

of 

service 

Green 

Seasoned 

No. of 
poles 
replaced 

Total pole 
years in 
service 

No. of 
poles 
replaced 

Total pole 
years in 
service 

1909 

4 

'o 


1 

4 

1910 

5.5 

28 

154 

38 

209 

1912 

7 

23 

161 

28 

196 

1913 

8.5 

24 

204 

22 

187 

*1915 

10.5 

17 

178 

13 

136.5 



92 

697 

102 

732.5 



Average life 

7.5 years 


7.2 years 


♦Estimated. 


the average years to the beginning of decay for several of the 
experimental groups are showm in Table XV. It will be seen 
from the table that in the case of some of the experimental 
groups so many poles were still sound when last inspected as 
to make the estimate of the time at which decay would begin 
exercise considerable influence upon the results of the com¬ 
putation. The figures may also be from six months to a year 
above the actual range of life which will be shown by the brush 
treated poles due to the lag in the starting of decay upon un¬ 
treated poles which has already been referred to. While these 
figures are only approximate it will be noticed that they in¬ 
dicate a greater addition to the life of poles through treatment 
for a northern location as compared with a southern .location. 
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Method of Failure of Brush Treatme?its. In making inspec¬ 
tions of the treated poles special attention was given to de¬ 
termining’ the cause of the beginning of decay. In some cases 
decay had extended at the time of inspection to a point which 
made it impossible to reach a conclusion as to how it began. 
With only two or three exceptions, however, it has been found 
that the thin treated layer on the outside of the pole remained 


table xv 

AVERAGE YEARS TO INITIATION OF DECAY FOR BRUSH-TREATED EX¬ 
PERIMENTAL POLES (OMITTING PRESERVATIVE “ F ”) 

(Computed for 100 poles on basis of percentages of sound poles) 
Savannah-Meld rim Line 


Poles unsound in 1909 

“ becoming unsound in 1909-1910 
« « « “ 1910-1912 

« « * ' * 1912-1913 

« « « « 1913-1915* 

« “ “ 1915-1917* 


Average per pole 



Juniper 

poles 

Chestnut poles i 

Average 

years 

sound 

Per 

cent 

Total 

years 

Per 

cent 

Total 

years 

2. 

31.7 

63.5 

25.6 

51.5 

4.8 

21.6 

104. 

18.6 

89.0 

6.2 

13.6 

84.5 

12.4 

77. 

7.8 

15.4 

120. 

4.7 

37. 

9.5 

17.7 

168. 

19.3 

19.4 

183.5 

223.0 

11.5 

5.4 years 

540.0 

6.6 years 

661.0 


Buffalo-Warren Line 


Poles unsound in 1910.■ 

u becoming unsound in 1910-1913.. 
« « u a I9i3_i9i6*. 

« * * * 1916-1919*. 


Average 

years 

sound 

i Per cent 

Total 

years 

2.5 

12.4 

31 

6.5 

31.4 

204 

9.5 

28.1 

267 

12.5 

28.1 

351 

8.5 years 


853 


*Estimated. 


sound after decay began. Any parts of the treated layer which 
covered decay were usually removed in the course of the in¬ 
spection and the sound condition of the treated wood was 
readily checked by direct examination. Where a determina¬ 
tion as to the point at which decay began was possible it was 
generally found that the presence of a check, split or other 
opening in the treated layer afforded a path through whic 
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the decay-producing organisms could gain access to the under¬ 
lying untreated timber. From this point of entrance decay 
would spread usually affecting a thin layer just underneath 
the treated wood for some distance on either side of the point 
of entrance. 

Fig. 3, which is an illustration of a brush-treated pole in the 
Buffalo-Warren line, shows excellently the usual conditions 
attending the starting of decay in brush-treated poles. This 
pole was sound when inspected in 1910 but on inspection in 
1913 decay was found extending over the light-colored section 
shown at the bottom of the illustration. This section mea¬ 
sured about six inches in width and the total depth of the cut 
was about one-quarter of an inch below the original external 
surface of the pole. The treated layer on the surface was 
sound but showed on inspection that there was soft wood 
beneath. On cutting the treated layer the thin underlying 
layer of decayed wood was found and removed before the photo¬ 
graph was taken. It will be noticed that there is a check 
visible in the illustration which passes through the center of 
the decayed section. This probably afforded the means for 
decay producing organisms to enter the pole and it will be 
noted that the decay had progressed about equal distances in 
either direction around the pole from this check. 

The only other type of failure in brush-treated poles which 
has yet been noted was found in two or three specimens during 
the 1913 inspection of the Buffalo-Warren line. In the case 
of these few poles the external treated layer had turned soft 
and punky and could be easily scraped from the pole. The 
soft wood was collected from these poles and subjected to 
analysis. The same methods of extraction were used as had 
previously been applied to creosoted pine poles. It was found 
that about 5 per cent by weight of oily matter could be ex¬ 
tracted from the sample. This oily matter on analysis was 
found to be practically free from substances distilling below 
270 deg. cent. About half of the extract distilled between 
270 deg. cent, and 360 deg. cent., at which point the distilla¬ 
tion was stopped. The residue was found to be a viscous pitch. 
The extract was observed to be somewhat contaminated with 
substances derived from the wood. No definite conclusions 
can be drawn from this single experience but the evidence 
gathered suggests that in this case most of the preservative had 
been removed from the timber before decay started. Decay 
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Beginning of Decay 
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dead oil of coal tar give the most consistent results in the Savan- 
nah-Meldrim and the Buffalo-Warren experiments, where a 
number of other preservatives were employed. In the case of 
the Omaha-Denver line, where the other preservatives were not 
included in the experiment, the relation between the results 
obtained with these two preservatives is about what was to be 
expected from them in view of their previous record in the 
other lines. Except as a preservative contained a large propor¬ 
tion of constituents soluble in water, it would be expected to 
remain in the ground line section of poles for a number of years 
as the experience with creosoted pine poles indicates that pre¬ 
servative is lost by evaporation much more slowly from this 
part of the pole than from the upper sections. As the character¬ 
istic type of failure for brush-treated poles has been due to 
mechanical causes such as the opening of checks or the cutting 
of the treated layer, it would be expected that the differences 
between the results obtained with the different preservatives 
experimented with would not be great, and the summarized 
data accord fairly well with this expectation. 

The Effect of Seasoning . At the time these experiments were 
started it was generally assumed that seasoning would produce 
a substantial increase in the life of poles. One thing aimed at 
in the experiments was to secure a direct demonstration of this 
generalization. It will be noticed, however, that in the case 
of the Savannah-Meldrim line appreciably better results are 
shown by the “ green ” poles and that in the case of the Buffalo- 
Warren line the seasoned poles show only a slight advantage 
over the “ green ” poles. 

In considering these results it must be borne in mind that 
the conditions of the experiment made it necessary to collect 
poles each month over a period of about a year and to hold the 
poles first collected until it was certain that the poles last col¬ 
lected had been thoroughly seasoned. While the poles were 
skidded and other precautions were taken to keep them in good 
condition and free from decay, it will be seen that a part of 
the seasoned poles were held for a period considerably in excess 
of that normally required for seasoning. 

In the Savannah-Meldrim line, poles which received the 
same amount of seasoning were installed in the same sub-group 
and consequently in the same section of the line. In Fig. 4 
we have plotted the average decrease in circumference for each 
month’s group of seasoned juniper poles, and for comparison 
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with it we have plotted the decrease in circumference for the 
“ green” poles-included in the same sub-group with each lot 
of seasoned poles, and therefore exposed to approximately the 
same conditions. The data are plotted only for the inspections 
of 1909 and 1910 as the removals subsequent to 1910 preclude 
the showing of comparative data. Fig. 5 is a corresponding 
plot for the chestnut poles in the Savannah-Meldrim line. 



Fig. 4—Comparison of Rate of Decay—Seasoned and Green 

Juniper Poles 

Seasoned poles plotted by sub-groups according to duration of seasoning. Green poles 
plotted against seasoned'poles in same sub-group. 

Fig. 4 shows a strong tendency to an increasing rate of decay 
for the longer periods of seasoning. In Fig. 5 this tendency is 
not so marked, although there is a slight trend towards a higher 
rate of decay as the period of seasoning increases. 

It was also found that the treated poles in this line which had 
begun to decay showed distinctly higher rates of decay in the 
case of poles subjected to the longer periods of seasoning. The 
indications are, therefore, that the superiority <?f “ green ” 
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poles over seasoned poles in the Savannah-Meldrim experiment 
is, in part at least, due to the excessive duration of the period of 
seasoning. The conclusion to be drawn from this experience 
seems to be that seasoning affords at best only a slight increase 
in the life of poles and that the greatest advantage to be de¬ 
rived from seasoning is that the pole is brought into a condition 
suitable for receiving a butt treatment. 

Insect Damage to Poles. For many years insects have been 
found in decaying poles but it is only recently that systematic 
study of insect damage to poles has been attempted. The 



Fig. 5—Comparison of Rates of Decay—Seasoned and Green Un¬ 
treated Chestnut Poles 

Seasoned poles plotted by sub-groups according to duration of seasoning. Green 
poles plotted against seasoned poles in same sub-group. 

study of this problem was proposed in 1910 by Dr. A. D. Hop¬ 
kins of the Bureau of Entomology, whose assistant, Mr. T. E. 
Snyder, had just completed the investigation of a case where 
a wood-boring beetle (parandra brunnea) had been found caus¬ 
ing serious injury to a pole line. The inspection of the experi¬ 
ments with butt treated poles was, at that time, just becoming 
active. Through the participation of Mr. Snyder in. one of 
the early inspections, a foundation was laid for future work 
through the training of the inspection force in methods for 
gathering data bearing on insect damage. Through following 
these methods, and with the assistance afforded by the Bureau 
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of Entomology in identifying specimens collected by inspectors, 
a valuable record of insect damage as affecting the experimental 
poles has been gathered. 

Substantial insect damage has come from two very different 
sources. Termites, or white ants as they are often referred to 
colloquially, have long been recognized as a source of injury 
to timber, particularly in the South, where the warm climate 
is favorable to their prevalence. The damage caused by the 
wood-boring larvae of beetles has only recently received re¬ 
cognition. Both of these classes of insect are fairly common 
causes of damage to pole timber, and data as to the effect upon 
their incidence of methods of preparing and treating poles are 
therefore worthy of attention. 


table xvi. 

BUFFALO-WARREN LINE, DAMAGE TO POLES BY WOOD-BORING INSECTS 


Method of 
preparation 
applied to 
poles 

V 

Num¬ 

ber 

poles 

ex¬ 

posed 

No. 
poles 
show¬ 
ing 
decay 
to 1910 

No. 
poles 
dam¬ 
aged 
by wood 
borers 
to 1910 

No. 
poles 
show¬ 
ing 
decay 
to 1913 

No. 

poles 

dam¬ 

aged 

by wood 
borers 
to 1913 

No. poles 
damaged 
by wood 
borers 
in 1910. 
showing no 
new damage 
in 1913 

Green Untreated 

200 

200 

8 

200 

16 

4 

Seasoned “ 

350 

349 

2 

350 

11 

1 

Coated with Tar 

. 48 

47 

1 

48 

2 

- 

Brush Treated— 







Preservative “ F ” 

79 

59 

2 

78 

3 

2 

Brush Treated— 







Preservative “ A ” 

74 

10 

- 

31 

1 


Brush Treated— 







Preservative “ B ” 

76 

11 

- 

42 

1 

— 


The results of studies, of wood-boring larvae (particularly 
parandra brunnea) have been published by. Mr. Snyder.* 
Reference is made to his publications for details concerning 
their attack on poles. For our purposes it is sufficient to note 
that once entrance to a pole is obtained, the larvae bore deeply 
into the heart-wood and consequently where their number is 
large a complete honey combing of the pole cross-section soon 
results. Wood borers have been found both in the Omaha- 
Denver line and the Buffalo-Warren line. Data relative to their 
attack in the first named line are included in Table XIII. Data 
from the Buffalo-Warren line are summarized in Table XVI . 

*See Appendix A—Bibliography. 
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It will be noticed that in the Buffalo-Warren line the damage 
from wood-boring larvae has been almost wholly confined to 
the two untreated groups t)f poles. The two treated poles 
yielding evidence of damage in 1910 were members of the group 
showing the highest proportion of unsound poles. Of the three 
treated poles first showing signs of damage in 1913, two had 
been noted as unsound in the previous inspection. Larvae were 
found in eight poles in 1910. Two of the eight poles in which 
larvae were found in 1910 were free from signs of wood-boring 
larvae in 1913. In these two poles, the presence of only one 
or two larvae was reported in 1910. It seems probable that 
the cleaning applied to the poles in connection with the in¬ 
spection caused the removal of the few larvae then present. 

The data given in Table XIII for the Omaha-Denver line re¬ 
present the results of the first inspection for condition. Large 
percentages of both treated and untreated poles were found to 
be attacked by wood-boring larvae. The percentage of brush- 
treated poles attacked to the total brush-treated poles installed 
is a little lower than the percentage of untreated poles attacked 
to untreated poles installed. The percentage of poles attacked 
to poles showing decay is, however, higher for the brush-treated 
poles than for the untreated poles. 

Experience with wood-boring larvae has not yet been exten¬ 
sive enough to establish definite conclusions as to methods 
of inhibiting their attack. The indications are, however, that 
the beetles will not deposit eggs on poles unless they can find 
a soft or decayed spot, so that as long as a treatment remains 
effective it should be counted upon to prevent damage from 
wood-boring insects. 

The principal insect damage found upon the poles placed in 
the Savannah-Meldrim line was due to termites. A few cases 
of attack by termites were also noticed when the Omaha-Denver 
line was examined. Termites do not like direct sunlight and 
in attacking poles consequently begin to cut their galleries a 
little below the outer surface of the timber. A few cases have 
been noticed where outside galleries of cemented sand have 
been built across sections of the pole surface where for some 
reason the wood was not attacked. In a number of cases 
where a pole was badly infested by termites, small numbers 
and a slight attack were noticed at.adjacent poles, suggesting 
that the large colony gathered about the heavily attacked pole 
may have extended its sphere of influence to neighboring poles. 
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No cases were noticed of termite attack upon the thin outside 
layer of brush-treated poles in which the preservative is located. 
The tendency of the insect to avoid the light, however, would 
result in leaving untouched a surface layer of wood of approxi¬ 
mately the thickness of the treated layer. In a number of 
cases termites were found in small decayed spots where the 
initial failure of a brush-treated pole had taken place. The 
relation of these spots to small checks and other openings in 
the treated layer has already been discussed. No direct evi¬ 
dence was obtainable as to whether the decay-producing organ¬ 
ism or the termites first entered such poles. 

The summarized results of the first two inspections of the 
Savannah-Meldrim line show that 38 per cent of the unsound 
treated poles bore evidence of the attack of termites, while 
37 per cent of the untreated poles gave evidence of such attack. 
Owing to the substantial- reconstruction of untreated poles 
which followed the 1910 inspection this statistical comparison 
cannot be continued for the following years. The equality in 
the percentages of decayed untreated-poles and decayed treated 
poles which were infested by termites suggests, however, that 
termites follow the decay. In support of this conclusion it 
is also to be noted that there were a number of cases where 
sound brush-treated poles were located between two untreated 
poles, both of which were badly infested by termites. The 
indications are, therefore, that treatment retards the attack 
of termites, and that the retardation is probably due to de¬ 
laying the beginning of decay. 

Some instances, however, of termites attacking treated wood 
were noticed in the inspection of the whole length treated pine 
poles in the Montgomery-New Orleans line. This attack 
came after the poles had been exposed to the action of the 
weather for many years and suggests that ultimately changes 
may occur in treated wood which permit termites to work upon 
it. With brush treatments, however, which give only light 
penetrations, the available information indicates that in the 
average case deterioration will set in much earlier than it does 
with the heavier treatments. The evidence just cited indicates 
that brush treatments may have a direct effect in preventing 
the attack of termites. The heavier treatments would, of 
course, produce the same effect as the brush treatment, but 
may lose their power of inhibiting termite attack before the 
power to inhibit decay is gone. 
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Conclusion 

Because of the present incomplete stage of our experience 
with the different types of treatment described, conclusions can 
be reached for only a part of the problems whose solution was 
sought. The seasoning of poles offers at best only moderate 
advantages in the way of increased life. Its greatest value is 
as a preparation for the successful application of preservatives. 
The practise of applying to poles preservatives high in anti¬ 
septic power and insoluble in water has been shown to yield 
increased life. The amount of preservative applied and the 
depth to which it is made to penetrate appear to exercise con¬ 
trolling influences upon the results obtained. Mechanical 
failure of the treated layer is indicated as the principal limit 
to the effectiveness of light applications of preservatives. 

In closing we wish to acknowledge our indebtedness to Mr. 
E. B. Griffen, for his assistance in carrying out the work of 
inspection and analyzing the data obtained; and to Mr. C. C. 
Fritz and. Mr. H. D. Cutler, who have also assisted in obtain¬ 
ing the data on which our contribution is based. For careful 
attention to the analyses and other chemical work connected 
with the studies of treated poles we are indebted to Mr. G. 0. 
Bassett and Mr. H. G. Walken We also gratefully acknowledge 
our indebtedness to many past and present members of the 
Forest Service and to the representatives of the Bureau of 
Entomology who have taken part in the experiments with 
treated poles. 

APPENDIX A 

Bibliography of Publications Relating to Experimental Poles 

Prolonging the Life of Telephone Poles, by Henry Grinnell, Year 
Book of Department of Agriculture for lt)05. 

The Open Tank Method for the Treatment of Timber, by Carl G. 
Crawford, Forest Service Ciruclar No. 101, July 2, 1907. * 

Seasoning of Telephone and Telegraph Poles, by Henry Grinnell, 
Forest Service Circular No. 103, July 6, 1907. 

Brush and Tank Pole Treatments, by Carl G. Crawford, Forest 
Service Circular No. 104, July 11, 1907. 

Changes Which Take Place in Coal Tar Creosote During Exposure, 
by Hermann Von Schrenk, E. B. Fulks, A. L. Kammerer, Bulletin No. 
93, American Railway Engineering and Maintenance of Way Asso¬ 
ciation, November, 1907. 

The Seaso nin g and Preservative Treatment of Arborvitae Poles, by 
C* Stowell Smith, Forest Service Circular No. 136, January 18, 1908. 

Progress in Chestnut Pole Preservation, by Howard F, Weiss, Forest 
Service Circular No. 147, April 27, 1908, 
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Report on Creosoted Yellow Pine Poles in the Norfolk-Washington 
Line and in the Montgomery-New Orleans Line, Appendix B to Report 
of Committee on Preservative Treatment of Poles and Crossarms, 
National Electric Light Association, May, 1910. 

Damage to Chestnut Telephone and Telegraph Poles by Wood Bor¬ 
ing Insects, by Thomas E. Snyder, Bureau of Entomology Bulletin No. 
94, Part, 1, Dec. 31, 1910. 

Damage to Telephone and Telegraph Poles by Wood Boring Insects, 
by T. E. Snyder, Bureau of Entomology Circular No. 134, March 7, 1911. 

Preservative Treatment of Poles, by William H. Kempfer, Forest 
Service Bulletin No. 84, June 12, 1911. 

Condition of Experimental Chestnut Poles, by Carlile P. Winslow, 
Forest Service Circular No. 198, September 26, 1912. 

The Air Seasoning of Timber, by William H. Kempfer, Bulletin No, 
161, American Railway Engineering Association, November, 1913. 

Condition of Experimental Poles, by C. H. Teesdale, Engineering 
News , November 27, 1913. 

Service Tests of Treated and Untreated Telephone Poles, by C. H. 
Teesdale, Telephony, April 3, 1915. 

APPENDIX B 

Analyses of Preservatives 
Whole length treatments 

Numerous analyses of dead oil of coal tar supplied for the whole 
length treatments were made in the case of both groups of poles under 
observation. As it is not possible to indicate any relation between 
the dead oil of coal tar covered by a specific analyses and any particular 
pole installed, only averages of all of the analyses made are given. 

Washington-Norfolk line. Twenty-eight analyses were made of the 
dead oil supplied for treating poles used in this line. The average of 
the results of these analyses is as follows: 

Distillates 


Loss—water, etc., to 170 deg. cent. 1 per cent 

170 deg. cent, to 205 “ “ 2 11 “ 

205 “ “ to 210 “ “ 4 “ “ 

210 “ “ to 235 “ “ 45 “ “ 

235 “ “ to 240 “ “ 7 “ “ 

240 “ “ to 270 “ “ 16 “ “ 

270 “ “ to 316 “ * 9 " “ 

Residue above 316 deg. cent.16 “ “ 

Naphthalene 

205 deg. cent, to 235 " “ 4:9 “ “ 

Oil not distilling below 

270 “ “ 25 “ <£ 

Specific gravity.1.022 

Melting point.36 deg. cent. 

Boiling point.....^6 deg. cent. 
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Montgomery-New Orleans line. Thirty-eight analyses were made of 
the dead oil supplied for treating poles used in this line. The average 
of the results of these analyses is as follows: 


Distillates 


Loss—water, etc., to 170 deg. cent. 

. 6.0 per cent 

170 deg. cent, to 205 

it a 

. 4.0 “ 

u 

205 “ “ to 210 

it u 

. 4.0 “ 

a 

210 " “ to 235 

it u 

.46.0 “ 

a 

235 " “ to 240 

u tt 

. 5.0 “ 

it 

240 * “ to 270 

a u 

.13.0 “ 

it 

270 “ “ to 316 

it tt 

. 6.0 a 

tt 

Residue above 316 

a a 

.16.0 “ 

it 

Naphthalene 

205 deg. cent, to 235 

a u 

.50.0 a 

u 

Oil not distilling below 

270 

it tt 

.22.0 “ 

a 

Specific gravity. 


.1.03 


Melting point. 


. 38 deg. 

cent. 

Boiling point. 


. 107 de£. 

cent. 


Butt Treatments 


Most of the detailed analyses of the preservatives used for brush 
treatment were made on samples representing material applied to poles 
placed in the Savannah-Meldrim line. There is no reason for believ¬ 
ing, however, that the composition of the preservatives supplied for the 
Buffalo-Warren line differed appreciably from that of the analyzed 
samples. 


Savannah-Meldrim line. 


Preservative A. 


Series I 

Specific gravity at 17 deg. cent.1.121 

Flashing point.. .. 137 deg. cent. 

Burning point.164 deg. cent. 

Distillates: 

Loss. 0.19 per cent 

Below 235 deg. cent. 0.41 “ “ 

From 235 deg. cent, to 315 deg. cent 29.16 “ “ 

Residue above 315 deg. cent.70.24 u “ 

Solids, 1.7 deg. to 4.4 deg. cent.No separation 

Tar acids. 1.12 per cent 

Mineral matter. 0.16 K 11 


Series II. 

1.122 

137 deg. cent. 
168 deg. cent 

0.22 per cent 
0.61 “ “ 
26.97 “ “ 

72.20 “ “ 

No separation 
1.16 per cent 
0.05 “ “ 


Preservative B 


Series I. 

Specific gravity at 17 deg. cent.1.134 

Flashing point.135 deg. cent. 

Burning point.163 deg. cent. 

Distillates: 

Loss. 0.13 per cent 

Below 235 deg. cent. 0.35 “ “ 

From 235 deg. cent, to 315 deg. cent. 28.84 “ “ 

Residue over 315 deg. cent.70.68 11 “ 

Solids, 1.7 deg. cent, to 4.4 deg. cent. . .No separation 

Tar acids. 1.30 per cent 

Mineral matter. 0.31 u “ 


Series II. 

1.134 

135 deg. cent 
162 deg. cent 

0.19 per cent 
0.31 “ “ 

30.10 “ “ 

69.40 “ “ 

No separation 
1.30 per cent 
0.47 “ “ 
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Preservative C 


Series I. 


Specific gravity at 17 deg. cent..1.032 

Flashing point. 90 deg. cent. 

Burning point.. 99 deg. cent. 


Distillates: 

Loss. 0.65 per cent 

Below 235 deg. cent.. ...15.14 “ • “ 

From 235 deg. cent, to 315 deg. cent. 26.23 

Residue above 315 deg. cent.57.98 “ “ 

Solids, 1.7 deg. cent, to 4.4 deg. cent. . .No separation 

Tar acids...15.4 per cent 

Mineral matter... 0*14 “ “ 


Series II. 

1.031 

90 deg. cent 
101 deg. cent 

0.53 per cent 
14.97 “ “ 

25.60 “ “ 

58.90 “ “ 

No separation 

0.02 per cent 
16.3 « “ 


Preservative E 

Series I. 

Specific gravity at 17 deg. cent....1.035 

Flashing point...H5 deg. cent. 

Burning point.129 deg. cent. 

Distillates: 

Loss 0.29 per cent 

Below 235 deg', cent..,. 2.51 “ “ 

From 235 deg. cent, to 315 deg. cent. 26.00 

Residue at 315 deg. cent.71.20 

Solids, 1.7 deg. cent, to 4.4 deg. cent. . .No separation 

Tar acids..13.7 per cent 

Mineral matter. 0.04 “ 


Series II. 

I. 035 

111 deg. cent 
123 deg. cent 

0.51 per cent 
3.65 “ “ 

24.74 “ “ 

71.10 « “ 

No separation 

II. 8 per cent 
None 


Preservative F 

Series I. 

Specific gravity at 38 deg. cent.1.007 

Distillates: 

Below 170 deg. cent.26.66 per cent 

From 170 deg. cent, to 205 deg. cent. 17.39 “ 

From 205 deg. cent, to 210 deg. cent. 9.27 “ 

From 210 deg. cent, to 235 deg. cent. 25.92 “ 

From 235 deg. cent, to 240 « “ \ 

From 240 deg. cent, to 270 « “15.98 

From 270 deg. cent, to 300 “ “ > 

Above 300 deg. cent. 4.24 

Loss. 0-54 


Series II. 
1.005 


96.90 per cent 
0.10 “ “ 
0.00 “ * 
0.00 « * 

0.15 “ “ 

0.85 “ “ 

2.00 “ “ 


Total.100.00 per cent 100.00 per cent 

Naphthalene..35.19 “ “ None 

Water. --SO. “ “ 90. 

Tar acids.. 19 “ “ 1 

. . ..Sticks and other Sticks, sand, 

foreign matter and^ other 

present. foreign matter 

present. 
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Dead Oil of Coal Tar 


Series I. 


Specific gravity at 38 deg. cent.1.035 

Distillates: 

Below 170 deg, cent. 0.17 per 


From 170 deg. cent, to 205 deg. cent. 1.25 “ 

From 205 deg. cent, to 210 deg. cent. 1.14 “ 

From 210 deg. cent, to 235 deg. cent. 43.96 “ 

From 235 deg. cent, to 240 deg. cent. 6.66 “ 

From 240 deg. cent, to 270 deg. cent. 19.48 “ 

From 270 deg. cent, to 300 deg. cent. 10.07 “ 


Residue above 300 deg. cent.17.00 “ 

Loss. 0.27 “ 


cent 

a 

u 

u 

Cl 

a 

u 

u 

u 


Series II. 
1.035 


0.09 per 

cent 

0.70 

u 

u 

0.74 

Cl 

u 

45.92 

u 

« 

6.12 

u 

u 

20.03 

« 

CC 

9.61 

a 

Cl 

16.30 

Cl 

a 

0.49 

u 

a 


Total... 
N aphthalene 
Liquid at.... 
Tar acids.... 
Water.. .. 


100.00 per cent 
.45.10 “ “ 

.38 deg. cent. 

. 9 per cent 
. None 


100.00 per cent 
46.66 “ ££ 

38 deg. cent. 
8.3 per cent 
None 


Buffalo-Warren line. 

Dead Oil of Coal Tar used in Butt Treatment Tanks, JMt. Arlington, 
N.J. Sample represents oil in the tank during third run, June 17, 1905. 


Specific gravity at 38 deg. cent.1.018 

Condition at 38 deg. cent....Liquid 

Fractionation 

Fraction No. 1 to 170 deg. cent..0.09 per cent 

“ “ 2 170 deg. cent.-205 deg. cent. 1.00 “ “ 

“ “ 3 205 deg. cent.-210 deg. cent. 1.19 “ £< 

“ « 4 210 deg. cent.-235 deg. cent.34.99 “ “ 

“ “ 5 235 deg. cent.-240 deg. cent. 7.57 “ “ 

“ * “ 6 240 deg. cent.-270 deg. cent.23.48 “ ££ 

« « 7 270 deg. cent.-300 deg. cent.11.50 “ ££ 

“ “ 8 Residue above 300 deg. cent.19.78 " ££ 


Total per cent.99.60 ££ ££ 

Loss per cent. 0.40 ££ ££ 

Naphthalene. 36.18 ££ ££ 

Oil not distilling below 270 deg. cent.31.28 ££ ££ 

W ater.. N one 

Tar acids.;.... 4.8 ££ ££ 

Omaha-Denver line. 

Dead Oil of Coal Tar Used at Escanaba, Michigan. 

Condition of Oil at 38 deg. cent.Solids Separate 

Liquid at 42 deg. cent. Specific Gravity at 42 deg. cent. . .1.028 

Fractionation 

1. to 170 deg. cent.None 

2. 170 deg. cent, to 205 deg. cent. ££ 

3. 205 deg. cent, to 210 deg. cent. 0.81 per cent 

4. 210 deg. cent, to 235 deg. cent..56.80 “ “ 

5. 235 deg. cent, to 240 deg. cent. 5.88 “ 11 

6. 240 deg. cent, to 270 deg. cent.15.78 “ “ 

7. 270 deg. cent, to 300 deg. cent. 7.32 “ “ 

Residue above 300 deg. cent.13.10 “ “ 

Total per cent.99.69 ■“ “ 

Loss per cent. 0.31 ££ “ 

Water.None 

Naphthalene.57.61 per cent 

Tar acids.10.7 £{ ££ 
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Dead Oil of Coal Tar Used for Brush Treatments in Nebraska 


1 . 

2 . 

3. 


Sp-gr... 

Fluidity. 

Distillation of 100-gm. sample 

(a) 0-205. 

(b) 205-235. 

(c) 0-315. 

(d) Residue above 315. 

(e) Water. 

Tar acids. 

Sulphonation residue. 

Flash point. 

Burning point. 


.1.056 

Liquid at 38 deg. cent. 

.None 

.11.39 per cent 

.79.68 “ “ 

.Soft and plastic 

.None 

.. 3.00 per cent 

.None 

. 98 deg. cent. 

.106 deg. cent. 


Preservative A (Used for Brush Treatments in Nebraska) 

(a) Spec, gravity. 1*11 

(b) Flashing point.1SS deg. cent. 

(c) Burning point. .176 deg. cent. 

Fractional Distillation: 

Distillate up to 235 deg. cent. 1-28 per cent 

« between 235 deg. and 300 deg. cent... 3.16 per cent 

Residue above 300 deg. cent. •*.••• ^5.5 ‘ 

Fluid!tv .Fluid at 38 deg. cent. 

Tar acids'.v.:::::.:.2i> p « rc « ent 

Ash. °* 12 
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Discussion on “ Recent Results Obtained from the Pre¬ 
servative Treatment of Telephone Poles ” (Rhodes 
and Hosford), St. Louis, Mo., October 19, 1915. 

Herman von Schrenk: Mr. Hosford brought out the import¬ 
ant factor about the changes which take place in poles after 
service and I note throughout the discussion, in the report and in 
the tables that the word decay is used. I judge from the de¬ 
scription which Mr. Hosford gave us just now that the word 
decay as he used it, refers not so much to the impregnated por¬ 
tions of the pole as to the parts which lie beneath those portions. 
The experience which we have had in other structures, notably in 
railroad trestles, with piling, etc., has been entirely in accord with 
the observations he gives here. I only recently had occasion to con¬ 
demn a railroad structure of creosoted piling, 180 feet long, after 
only four years of service, which showed marked decay, when, as a 
matter of fact those parts of the wood impregnated with the creo¬ 
soted oil were perfectly sound; but, just as in the case of the poles 
described as being subjected to brush treatment, the fungus spores 
had penetrated through the season checks and brought about 
decay underneath. What I want to know is, did Mr. Hosford 
in an examination of these poles find any of that decay in the 
impregnated sections of the wood—this question refers particu¬ 
larly to the butt or full cell process—in which the creosote had 
penetrated? 

The second point I would like to call particular attention to is 
the conclusion I reached after reading this paper, emphasizing, 
first of all the high efficiency of the poles which were treated so 
they received the maximum impregnation, and in the second 
place, a maximum retention of the preservative. I was very 
much impressed at the last inspection I made of the German 
government telegraph and telephone lines, where the maximum 
amount of creosote was injected. The percentage of failures was 
very, very low, where that proceeding had been followed. The 
difference between the brush-treated poles and the so-called 
tank or full cell treated poles, as shown by these records, is 
vey striking; and I would like to have Mr. Hosford confirm the 
impression which I have obtained here, that judging by the 
results which they have secured so far, there is every indication 
that butt treated poles or full cell treated poles will give a very 
much higher probability of longer return on the investment 
than is the case with the brush-treated pole. 

The third point I would like to bring out—and I may perhaps 
be treading on dangerous ground in raising this point—is to 
ask Mr. Hosford whether there was any particular reason for 
initialing by letters the results of the so-called proprietary pre¬ 
servatives, in other words the trade-marked compounds. I 
would personally like to know what “ A, B and C ” stand for. 
The great trouble with these proprietary compounds is that they 
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come to us full of claims and with certificates from engineers 
all over the country, showing what beautiful results these sub¬ 
stances give. Instead of charging ten or tw r elve cents a gallon 
for high-grade coal tar, they want seventy-five or eighty cents 
a gallon. I should think it too bad, unless there is some par¬ 
ticular reason to the contrary, if these particular pieces of re¬ 
search could not be made available to all who are interested, 
with a clear statement of the preservatives and what the}" stand 
for. We are confronted at the present time with an agitation 
in Congress on this particular subject. I doubt not that many 
of you have received circulars calling for a “ Pure Food Timber 
Preservative Law ” to be enacted by Congress. I have re¬ 
ceived copies of these circulars from engineers in various parts 
of the United States, including even to-day’s mail, asking what 
action they should take. One of these circulars was sent to me 
as chairman of a committee of the American Society for Testing 
Materials, asking that that organization should take some action. 
While that is a good thing for a proprietary compound, there 
are obvious reasons why coal tar should not be subject to that 
particular kind of restriction, and I ask Mr. Hosford if we could 
get him to divulge what these symbols stand for. 

The fourth point in my mind is, in making the chemical 
examination of the poles, was any attention given to the difference 
between the oil on the outside of the pole, near the ground 
line, and that further towards the middle of the pole? That is 
a very vital point in the discussions now going on in connection 
with specifications for treated poles. 

I was particularly impressed with the statement that the poles 
with heavier outside evidence of treatment, as indicated by the 
hardened tar, had a greater tendency to resist decay, reinforcing 
the conclusion that life will increase with the amount of pre¬ 
servative applied. I would like to know whether all indications 
so far do not point in favor of a generally increasing tendency 
both among operations on telephone lines and in the railway 
practise, vto try to treat the timber irrespective of the amount of 
oil used, in other words, to treat the timber with the amount of 
preservative it will -actually hold, instead of with a given 
quantity per cubic foot. Of course w r e run into objections from 
the financial department, because w*e would probably treat the 
poles wdth more oil than they would pay for. Do not all the 
results showmhere indicate that the better the treatment the 
better the probabilities of length of life to be obtained? 

Clyde H. Teesdale: Mr. Rhodes and Mr. Hosford have 
shown that brush-treated chestnut and cedar poles will prob¬ 
ably last from 5 to 6 years longer than the untreated poles. The 
cost of this treatment is very low. With coal-tar creosote it 
ought not to be over 30 cents for a 30-foot pole if a large number 
are treated at a time in one place. With an added life of 4 to 
5 years, a cost as low as this offers a very good return. This is 
particularly true in the case of poles used by electric light and 
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power companies, who usually use larger poles than a telephone 
company. Where large poles are used a greatly increased tirst 
cost makes it possible to pay a considerable pncefora pre¬ 
servative treatment, provided a good increase in life is obtained. 
The question of giving a thorough open-tank treatment to large 
poles is, therefore, worthy of serious consideration. 

In Mr. Hosford’s paper the brush treatment is dealt with to 
the greatest extent, and is the one with which the most de m e 
results were obtained. It appears desirable, therefore, to discuss 
the limitations of this method of treatment. It has been found, 
for example, that brush-treated western yellow pine poles last 
practically no longer than similar untreated ones Further¬ 
more, it is obvious that woods which do not last well above the 
ground line will not be benefited by either a brush or open- 
tank treatment at the ground line. Therefore such species 
as sap cypress and sap yellow pine, especially when se in 
South, should be treated throughout the entire length of the 
pole, because the sap in such poles decays very readily, even 
above the ground line. I may say further that the brush treat¬ 
ment is not well adapted to timber which may be subjected 
to wear from abrasion. If railroad ties were given a treatment 
as superficial as the brush treatment of poles they would show 
almost no increase in life, because the portion penetrated with 
the preservative would be worn away very lapidly. en , 
one should bear in mind that, while brush and open-tank butt 
treatments give excellent results on telephone poles made fro 
durable species of wood, these methods of treatment are not 
adapted to poles or timbers made from non-durable woods, 
nor are they adapted to those forms of tamer subjected to 

wear, abrasion, etc. . ,, ... nf 

One other point which I have m mind concerns the hie o 
green versus air-seasoned poles. The paper under consid¬ 
eration brought out the point that untreated seasoned poles 
do not last any longer than those set. green. lhis has 
been our experience with other forms of timber where accur¬ 
ate records have been kept. It is contrary to some of the 
older theories, but now that we have accurate records on 
many of these service tests we find that . there is practically 
no advantage to be derived from seasoning, not only poles, 
but ties, fence posts, and other forms of timber. In fact, it e 
timber is held for an undue length of time it may deteriorate 
and a shorter length of life may be obtained. _ , , 

C. A. Hobein, Jr.: I want to ask one question about the 
experience with cypress poles. I recently visited a railroad 
property in the state of Iowa. They used cypress poles and the r 
experience has been very unfortunate. I inquired whether 
they had used the brush treatment, and it seemed they had used 
the br ush treatment on the butts of these poles but they did not 
se em to feel it had done much good. The poles had been in the 
ground only a few years and they had practically all to be re¬ 
placed. 
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L. B. Cherry: Has any one noticed any difference in the 
decay of the poles that carried reasonably high potential cur¬ 
rents, due to the leakage of the insulators and grounding of 
the current through the moist wood? 

N. W. Storer: Are the poles impregnated in vacuum? Per¬ 
haps Mr. Hosford can tell us a little about that. 

L. B. Cherry: I desire to ask another question, in regard to 
the green poles and the dry poles. When the dry poles were 
impregnated were they thoroughly dried, or w T as the moisture 
that was natural in the wood, in the atmosphere, sufficient to 
affect the impregnation? It seems to me that the theory of 
the matter would be this—the reason a green pole should last 
longer than the treated poles which were dry when treated, 
was that the moisture which was already in the green pole, 
the sap, was in a way of the same material as the wood itself, 
while when it was dried and put in the ground, it would absorb 
the moisture from the earth and an electrolytic action would set 
up in the fibre of the wood. 

R. F. Hosford: First, with reference to' Dr. von Schrenk’s 
question about where and how decay was found to occur. 
Taking all the experimental groups, the brush treated poles 
are those we have had the best opportunity to study. The 
typical form of change is the one which we have illustrated in 
the paper. This typical form has been ‘found in practically 
every case where we could determine how decay began. The 
only exceptions are two or three cases that are mentioned on 
one of the pages relating to analyses. You will find there that 
we saw two or three poles where direct disintegration of the 
treated layer had occurred. That is rather rare, and we have 
gone far enough in getting decay started on brush treated poles 
to be safe in saying that is not a typical form of change. 

We do not know so much about where and how open tank 
poles begin to decay. 

Herman von Schrenk: In this Table VII referring to the 
Montgomery-New Orleans line you give the number of pieces 
in line decayed to the point of reconstruction, 75.- Were those 
all brush treated? 

R. F. Hosford: No. That table does not refer to brush treat¬ 
ment. That is a pressure treated line. 

Herman von Schrenk: What is the significance of the word 
decay, as used in that connection? 

R. F. Hosford: We are using the term decay, in the tables, 
as covering all types of disintegration whether the change 
actually occurred through insect attack or through the action 
of fungus growth. For simplicity in tabulation and to indicate 
how long the pole may be expected to last, we have taken the 
word' decay and given it that meaning. 

In a large number of cases with the pressure treated poles the 
decay has started in the untreated interior core. It is possible 
in a few cases, although we have not got enough evidence so 
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that we can be sure about it, that the gradual loss of preservative 
from the pole has occurred to such an extent that the amount of 
preservative remaining in the pole is so low that it perhaps can¬ 
not longer prevent the inauguration of decay. 

Herman von Schrenk: Decay in the interior? 

R. F. Hosford: No. Decay of the kind I have just been 
speaking of would begin on the exterior surface. You will 
notice, however, from the discussion of the causes of the begin¬ 
ning of decay in the two tables relating to pressure treated poles 
that the only important cause for the beginning of decay that 
we have been able to locate is referred to as checks of shakes. 
Checks or shakes would, of course, allow decay to start through 
exposing the untreated interior section of the pole. 

With reference to the question concerning longer life for open 
tank and pressure treated poles, either of these two processes 
give a longer life than brush treatment. The experiments 
that we are describing cover essentially a scale of intensity of 
treatment. The results, as we expected when we began, vary 
with the intensity. Of course, the variations in the weather 
conditions, in the exposure, whether northern or southern, have 
also some influence upon length of life. 

With reference to the names of the proprietary compounds 
given letter designations in the paper, I might say that the 
nomenclature in detail for all of these cases will be found in 
some of the publications referred to in the bibliography. We 
were not inclined to go into the matter of dealing with them by 
name in this paper because the conclusion we reach and follow 
in our practise is that dead oil of coal tar is better than these more 
expensive compounds. We point out that dead oil of tar has 
done as well as the proprietary compounds. 

Relative to the analysis of the oils extracted from poles, I 
would say that I know of no case where we have segregated the 
treated part of a cross-section from the untreated part and ana¬ 
lyzed the two separately. As a matter of fact, the last analyses 
recorded in this paper were from samples taken as far back as 
1909. We are in a position now to select a number of samples 
much more intelligently, which may enable us to elucidate some 
of the questions that are now open. 

As to Dr. von Schrenk’s last question with respect to heavy 
treatment versus light treatment, so far as I am aware, there is 
no current tendency towards treatment to refusal, which is the' 
technical name for putting in as much as the timber will receive. 
What we are aiming to produce so far as our practise is concerned 
is to get our treatment, for example one of 12 lb. per cu. ft., more 
uniformly distributed through the pieces we have to treat, as 
indicated in the paper. A large number of pieces of any timber 
that is to be creosoted must be put in the cylinder at the same 
time. There are records in the case of certain studies which show 
that if no attention is paid to the selection of the pieces before 
treatment—say that they were all placed in the cylinder just as 
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they come—we would get widely varying results between dif¬ 
ferent individual pieces when the lot is taken out. Our principal 
aim at present is to get the selected standard for the treatment 
realized in all the pieces or to get somewhere near to it. The 
indications are, from an examination of the poles treated by the 
pressure method 16 and 18 years ago, that we got treatments on 
certain individual pieces a long way out of balance with the 
average, and the paper has attempted to bring that fact out. 

With reference' to Mr. Teesdale’s question and discussion I 
will say that we have attempted to emphasize the feature that 
he has also spoken about—the necessity of treating the upper 
parts of nondurable timber. We have endeavored in the paper 
to make this a means of distinction in the choice of methods to 
be employed in treating poles. Of course, it is true that the 
farther north you go the less obvious is the deterioration on the 
upper parts of poles. In the south, disregarding at least the 
sections of a pine pole which are heavily impregnated with rosin 
through “ boxing ” for turpentine, you will not find that any 
part of a pine pole will last very long, not even the heart of it. 

I am glad that we drew from Mr. Teesdale the statement that 
the results obtained with poles with respect to the influence of 
seasoning is not unique and that it is true not only for poles 
but for other articles made from timber, that seasoning is not a 
very important means for increasing their life. 

In answer to Mr. Hobein’s question about cypress, the charac¬ 
teristics of cypress are about as follows: In the southern part 
of the territory in which cypress grows you can get varieties 
which are called in the trade, the red and the black cypress. 
The heart wood of these varieties is durable against decay. 
The sap wood decays rapidly, and decay of the sap wood has the 
further objection from the pole user's standpoint in that it occurs 
pretty evenly all the way up to the top of the pole. I have 
actually laid hands on cypress poles and found it possible to 
peel off a piece of decayed sap wood several feet long as you 
might take a piece of birch bark off a birch tree. There are 
varieties of cypress growing mainly in more northern latitudes 
known to the trade as the white and the yellow. Such informa¬ 
tion as we have indicates that not even the heart wood of these 
varieties is durable. I should say that most of our northern 
pole users would balk at using even the red or black varieties 
since the sap wood is not durable and breaks away from the 
pole in irregular fashion making the looks of the pole rather bad 
after it has been up for a little while. * I have heard this objec¬ 
tion as to the condition of the sap wood raised in connection 
with an experience with cypress in southern Michigan. 

The better results obtained in wet locations are, I think, 
analogous to the common experience with all poles. Decay 
needs for starting, food,—which is in the pole—and air and 
moisture. If you immerse a pole in water or set it in swampy 
ground, which is pretty nearly equivalent to immersing it in 
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water, you exclude the air from the surfaces in contact with the 
soil. If you set a pole in a rock hole and use a few large pieces 
of rock to wedge it in place so that the pole surfaces are pretty 
thoroughly ventilated, the free access of air brings about a 
relatively rapid evaporation of water from the pole surface so 
that the moisture content is kept relatively low. In either of 
these cases, swampy ground or the open rock hole, the nearly 
complete exclusion of one of the elements needed for the life of 
the fungus substantially retards decay and thereby increases 
durability. However, neither of these two conditions for setting 
poles are encountered frequently in actual practise, so that their 
influence in increasing the life of poles is accidental. 

With respect to Mr. Cherry’s question about the effect of 
grounding, I would say that I do not believe that in the case 
of these poles the question of current comes into the matter 
at all. 

The discussion of green and seasoned poles relates entirely to 
poles that are untreated, that is, it is not a question of green 
versus treated poles, but green versus seasoned poles, both of 
them untreated. A treated pole lasts much longer than either 
a green or a seasoned pole, even in the case of brush treatment, 
which gives the lowest increase in life. 

With respect to Mr. Storer’s question, I would say that the 
brush treatment is applied by hand with a brush. It simply 
depends on the absorptive qualities of the wood and the very 
slight pressure applied to its surface for the liquid to make its 
way into the timber. You take care to see that the pole is dry 
—it must be dry if you want to get any oil into the timber. If it 
has been wet by rain and has not been given an opportunity to 
dry off, you will not get much absorption. The open tank treat¬ 
ment operates by creating a vacuum in the cells of the timber 
through which the preservative is drawn in when the treating 
bath is allowed to cool. In the pressure treatment we use a 
vacuum on practically all of our work because we usually start 
with a pole that is green or only slightly seasoned. We first 
steam the piece thoroughly to get the effect of seasoning in the 
way of volatilizing, dissolving, and driving out the water and the 
sap. We then finish the work analogous to air seasoning, by 
applying a vacuum which dries out the timber. We subsequently 
apply the preservative oil under pressure to force it into the cells 
of the timber. The function of the vacuum is mainly to assist 
in completing the seasoning preparatory to the application of 
the preservtive. It is true that in some processes the vacuum 
is used to help in the impregnation, but this practise is not com¬ 
mon. 


Presented at the 314.th Meeting of the Ameri¬ 
can Institute of Electrical Engineers, St. Louis, 
Mo., October 20,1915. 

Copyright 1915. By A. I. E. E. 


THE MAGNETIC PROPERTIES OF SOME IRON ALLOYS 
MELTED IN VACUO 

BY TRYGVE D. YENSEN 


Abstract of Paper 

9 

In a paper presented, before the Urbana Section, April 16, 

1914, the author described results obtained from tests made on 
pure iron melted in vacuo, to obtain data as to its magnetic and 
allied properties. 

The present paper describes further experiments on various 
alloys of the electrolytic iron melted in vacuo with other elements. 

The author deals briefly with the iron-boron and iron-carbon 
alloys, and presents results obtained with the iron-cobalt alloy 
Fe 2 Co, but gives in greater detail the data in regard to iron- 
silicon alloys, from which the most remarkable results were 
obtained. 

The two best alloys were obtained with about 0.15 per cent 
and 8.40 per cent silicon, after annealing at 1100 deg.cent. The 
values of maximum permeability for both of these alloys are above 
50,000, and the values of hysteresis loss for Bmax = 10,000 and 
15,000 are about 300 and 1000 ergs per cu. cm. per cycle, respec¬ 
tively. This hysteresis.loss is 1/8 and 1/3 of the corresponding 
loss for commercial silicon steel. 

While both alloys have similar magnetic properties, the 3.40 
per cent .silicon alloy has a specific electrical resistance nearly 
five times that of the 0.15 per cent alloy, making it particularly 
desirable for use in electromagnetic machinery in places where 
a low eddy-current loss is a requirement, in addition to high 
permeability and low hysteresis loss. 

I. Introduction 

I N APRIL, 193.4, the author presented a paper 1 before the 
Urbana Section of the Institute in which he gave the 
results obtained with' regard to the magnetic and allied proper¬ 
ties of pure iron melted in vacuo. 2 The iron thus produced 
was shown to have—on account of its high degree of purity 
magnetic properties much superior to ordinary grades of iron, 
and the prediction was made at thiat time that the electrical 
resistance of the vacuum-iron, which in the pure state is very 

1. Transactions A. I. E. E., 1914, Vol. XXXIII, Part I, p. 451. 
2. The investigations have been carried on at the Engineering Ex¬ 
periment Station of the University of Illinois. 
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low, could be raised by the addition of silicon or aluminum, 
without impairing the magnetic properties to any large extent. 
Since that time the investigations have been continued and 
additional information with regard to the vacuum iron and its 
alloys with other elements has been obtained. 

This paper will deal briefly with the iron-boron and iron- 
carbon alloys, and will present the results obtained with the 
iron-cobalt alloy, Fe 2 Co, but the main part will deal with the 
iron-silicon alloys, as these appear to be of more than usual 
interest. 

Material , Apparatus and Methods . 3 The iron used as the 
basis of the investigation consisted of electrolytically refined 
iron, containing less than 0.01 per cent carbon and about 0.01 
per cent silicon. Before being used, the iron was crushed, 
cleaned with HC1, distilled water and alcohol, and then dried 
by means of ether in vacuo. About 600 grams of this cleaned 
iron was then placed in a fused magnesia crucible together with 
the desired portion of the alloying element, covered with a 
magnesia cover and placed in an Arsem type vacuum furnace, 
where it was melted under a finishing pressure of 0.5 mm. of 
mercury. A view of the furnace room is shown in Fig. 1. 
The ingots, after being allowed to cool in the furnace, were 
heated in an ordinary coke forge and forged into rods about 
\ in. (1.25 cm.) by 20 in. (50 cm.}, under a steam hammer. 
From these rods the test pieces were prepared; one rod 14 in. 
(35.5 cm.) long for the magnetic and electrical tests; two test 
pieces, 2\ in. (6.3 cm.) long, with threaded ends, for the me¬ 
chanical tests; and one small specimen for the metallographic 
investigation. Tests were made after the following heat 
treatments: 

1. As forged. 

2. Annealed at 900 deg. cent. Cooled at a rate of 30 deg. 
per hour. 

3. Annealed at 1100 deg. cent. Cooled at a rate of 30 deg. 
per hour. 

The annealing of the iron-boron and iron-carbon alloys was 
done by placing the rods in an iron cylinder filled with magnesia 
and heating this cylinder in a Hoskins type carbon resistance 
furnace. The iron-cobalt and iron-silicon alloys were annealed 

3. Details with regard to material, apparatus and methods used are 
given in Bulletins No. 72 and No. S3 of the Eng. Exp. Sta. of the XJniv. 
of Ill. 
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in vacuo, so as to preclude any possible contamination - by 
gases. The furnace used for this purpose is shown in Fig. 1, 
the vacuum part consisting of an “ electroquartz ” tube with 
mercury-sealed ends. 

The Magnetic Testing. The Burrows compensated double 
bar and yoke method has been used for the magnetic testing, 
as this is the method now generally adopted whenever accurate 
testing is desired. Briefly stated, the apparatus consists of 
one main coil, r, (Fig. 2a) and one auxiliary coil, A , separately 
controlled, and four compensating coils, C , connected in series. 



r-r-rf 


i's c " ,r 
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tir; 

rrmm 
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Hard Rubber 

SECTION THROUGH X 





Fig. 2 a—Permeameter 
C oil Data. 

T, A and C coils—10 layers No. 18 B. & S. enameled copper wire, 20 turns per inch per 
layer (7.875 turns per cm.) t and a coils—64 turns each of No. 30 B.& S. d. s. c. copper wire; 
C and c coils 32 turns each of No. 30 B. & S, d. s. c. copper wire— connected in series. 


By means of the three secondary coils, t , a, and c ) the magnetic 
flux can be investigated at different points of the magnetic 
circuit and equalized by adjusting the currents in the magnetiz¬ 
ing coils. With no leakage of flux, the magnetizing force at 
the middle of the main coil is 

H t = 0.4 7r iI T I T (1) 

where N T — number of turns per cm. of main coil 
I T = current in main coil in amperes. 

An error is introduced here on account of the effects of the 
ends of the various coils on the magnetizing force at the center 
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and that it seems to matter little which rod is used as auxiliary. 
With the yokes clamped so as to give good contact and yet not 


TABLE I—RESULTS OF STRAIN TESTS 
I A— Test Rod No. 3 Si 14 C with Various Auxiliary Rods 
Induction B, for H =0.5 


Aux. rod 
used 

Rods more or less strained, due to tight yokes 

Yokes loose, no 
strain 

Series 1 

Series 2 
after reclamp¬ 
ing 

Series 3 
after reclamp¬ 
ing and cleaning 
ends of rods 

Series 4 

3-54 B 

9,330 ' 

9,800 

9,250 

11,700 

3 Si 09 C 

9,900 

8,240 

8,040 

11,600 

3 Si 10 C 

10,110 

10,250 

8,940 

11,800 

3 Si 11 C 

11,060 

10,250 

11,160 

11,800 

3 Si 12 C 

9,650 

10,670 

8,290 

11,700 

3 Si 13 C 

10,850 

9,230 

8,600 

11,700 


I B.— Test Rod No. 3 Si 10C with Auxiliary Rod No. 3 Si 09 C 


Induction B, for H — 0.5 


Condi¬ 

tion 

No. 

Method of clamping 

■^aux 

for 

3 Si 09 C 

Compen¬ 

sating 

current, 

h 

B 

for 3 Si IOC 

1. 

Yokes loose, no strain on rods, no air gap be¬ 
tween rods and yokes.. 

0.7 

0.059 

11460 

2. 

Yokes tight, rods strained, magnetizing 
currents same as above. 

same 

same 

11300* 

3. 

Yokes tight, rods strained, magnetic circuit 
balanced... 

0.8 

0.042 

10550 

4. 

Yokes loose, no strain on rods, magnetizing 
currents same as above. 

same 

same 

11460t 

5. 

Yokes loose, no strain on rods, magnetic cir- 
cuit balanced.. 

0.7 

0.051 

11460 

6. 

Yokes loose, no strain on rods, small air gap 
between rods and yokes. 

0.7 

0.105 

12460 

7. 

Yokes tight, rods strained, small air gap be- 
tween rods and yokes. 

0.8 

0.058 

10890 

8 . 

Yokes loose, no strain, no air gap between 
rods and yokes. 

0.7 

0.059 

11460 


* Magnetic circuit not balanced; on account of better contact between rods and yokes 
J c is too large, and yet B is reduced, showing that strain decreases permeability. 

t Magnetic circuit not balanced; on account of poorer contact between rods and yokes 
Ic is too small, and yet B is increased, showing that removal of strain restores the rod to 
its normal condition. 

strain the rods, the results vary only about 1 per cent, and this 
may be due to influences other than mechanical strain. The 
figures for tight yokes show that it is possible to have the yokes 
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tight and yet have little strain on the rods, but there is no way 
to ascertain whether the rods are strained, if the yokes are tight. 

Table Ib shows, perhaps, even more convincingly, that the 
inconsistent results shown in Ia are due to strain. Starting 
with no strain on the rods and the circuits balanced, the value 
for B was found to be 11,460, which is considered to be the 
correct value for the rod used. Without changing any of the 
magnetizing currents the yokes were then tightened. Under 
this new condition the contact between the yokes and the rods 
was better than under the first condition and should require 
a smaller compensating current to balance the magnetic cir¬ 
cuit. In spite of the too high compensating current, B was 
apparently decreased to 11,300. Balancing the magnetic cir¬ 
cuit shows the true value of B under this condition to be 10,550. 
Leaving the magnetizing currents unchanged, the yokes were 
then loosened (condition 4). The compensating current under 
this condition was naturally too small, as the contact was not 
as good as before, and yet the apparent value of B was increased 
to 11,460. This is probably the most forceful evidence in favor 
of the contention. Balancing the circuit (condition 5) shows 
the true value to be 11,460, the same as under condition 4. 
This is evidently due to the fact that the auxiliary rod had 
been strained more than the main rod, shown by the necessity 
of decreasing H aU x from 0.8 to 0.7. 

Under condition 6 a small air-gap was produced between 
the rods and the yokes by means of tissue paper, necessitating 
a doubling of I c . The value obtained for B in this case was 
12,460, an increase of 1000 over the value obtained with no 
air-gap. According to theoretical calculations, only one-tenth 
of this increase can be attributed to the increase in I c , as a 
compensating current of 0.105 (which is 21 times the main 
magnetizing current) should increase H as measured, only by 
about 2 per cent. It is possible that the rest of the increase 
may have been due to the removal of a slight strain that existed 
with no air-gap, but it seems more probable that the com¬ 
pensating current has a larger effect than is shown by theoretical 
considerations. If it be assumed that the total increase is due 
to I Cy H as measured is evidently increased 8 per cent due to a 
compensating current equal to 10 times the main magnetizing 
current, and correspondingly for other ratios. Should this 
assumption be correct, the results recorded in this paper are 
somewhat exaggerated, as corrections have been made accord- 
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ing to theoretical considerations only. More experimental evi¬ 
dence is, however, necessary before final judgment can be 
passed, and in the meantime the reader, in studying the re¬ 
sults, should keep this matter in mind, remembering at the 
same time that whatever the effect of the compensating cur¬ 
rent may be, the results are strictly comparable. 

Under condition 7 the rods were strained, bringing the value 
down to 10,890, nearly the same as under condition 3. Remov¬ 
ing the air-gap and testing with no apparent strain, the value 
found for B was 11,460, the same as under similar conditions 
before. It is interesting to note that I c under the last two 
conditions was practically the same, while B with the rod 
strained was about 600 gausses less than with no strain, another 
forceful argument showing that the permeability is decreased 
by a slight strain. 

The condition of no strain can, of course, only seldom be ap¬ 
plied in practise, but it is necessary in an investigation of this 
kind to make the tests under conditions that can be duplicated 
and standardized, in order to obtain results that are comparable, 
and Table I shows very plainly that the “ no strain ” condition 
is the only one that fulfills this requirement. Another argu¬ 
ment for the adoption of the “ no strain ” condition is that this 
is the condition that exists in the only other reliable method 
of magnetic testing that the author knows of, namely, the 
Rowland ring method. 6 

The apparatus was calibrated from time to time by means of 
an air-coil, and also by means of rods submitted to the Bureau 
of Standards for standardization. While the rods submitted 
to the Bureau did not include any of the high-permeability 
rods, the certificate received serves, nevertheless, as a general 
check upon the apparatus. The results obtained at the Univer¬ 
sity check very well with those obtained by the Bureau and also 
with results obtained by the calibration laboratories of two of 
the large manufacturing companies. As a matter of fact, the 
permeability obtained at the University is slightly lower than 
that given by the Bureau of Standards certificate. 

II. Iron-Boron and Iron-Carbon Alloys 

These two series of alloys will be discussed together, as boron 
and carbon seem to behave very similarly in their effect upon 

6. Most of the inconsistencies that appeared in the previous paper 
on the properties of pure iron can, no doubt, be attributed to strain, in 
view of the results shown here. 
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the magnetic properties of iron. The properties of the iron- 
carbon series, prepared under ordinary conditions, have been 
investigated 7 very extensively in times past, and. are consequently 
very well known. As the removal of carbon is the chief cause 
of the improvements obtained by means of the vacuum process, 
it was not to be expected that the iron-carbon alloys prepared 
by that process would exhibit properties differing to any large 
extent from those of iron-carbon alloys prepared under ordinary 
conditions. While this part of the investigation has not yet 
been completed, the results obtained indicate that this expecta¬ 
tion in general will be met. _ , 

Iron-boron alloys have thus far received only slight attention, 
and, as far as can be found, practically nothing has been done to 
determine their magnetic properties. On that account it may 
be of interest to summarize the results obtained by the author, 
in spite of the fact that they offer no promise that any valuable 
alloy will be found in this series. 8 Thirty iron-boron alloys were 
prepared, the maximum boron content being 0.45 per cent. 

The results may be summarized as follows: 

1. Small percentages of boron added to pure iron and melted 
in vacuo have a double effect upon the iron, since part of it re¬ 
duces the iron oxide present and the remainder combines with 
the iron. In this respect boron differs from carbon, as the latter 
does not combine with the iron unless added to larger quantities 
than are needed to reduce all the iron oxide present. 

2. Small additions of boron to iron have a slightly beneficial 
effect upon the magnetic properties, probably on account of 
the reduction of iron oxide, which more than offsets the effect 
of the combined boron. The beneficial effect in the present case 
reached a maximum with the addition of O.Oo per cent boron, 
and ceased as soon as the amount of combined boron became 
measurable, which occurred with the addition of 0.10 per cent 
boron. 

3. Boron added in a sufficient amount to leave a measurable 
quantity combined with the iron has a decidedly detrimental ef¬ 
fect upon the magnetic properties of the iron. 

4. Boron increases the specific electrical resistance of iron by 
0.62 microhm per 0.1 per cent b oron combined with iron. 

7. The most recent investigation on iron-carbon alloys is that by 
Gumlich, Trans. Faraday Soc., Vol. 8, p. 98, 1912, 

8. For a full report of the results see Bull. No. 77, Eng. Exp. Sta. 
Univ. of Ill., 1915. 
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*>. I lie etleet of boron upon the mechanical properties of iron 
is in general similar to that of carbon. It raises the elastic 
limit and increases the ultimate strength, at the same time de¬ 
creasing the toughness. 

III. Tim Iron-Cobalt Alloy, Fk 2 Co 

1 his alloy was first produced by Ur. P. Weiss, 9 who found that 
it had a saturation value of magnetization 10 per cent higher 
than that of pure iron. Previous to that time the magnetic 
propert ies of iron and iron alloys in intense fields had been in¬ 
vestigated by Ewing and bow, 10 Du Bois, 11 Gtimlich, 12 and by 
Uudfield and Hopkinson. 1 ® The intensity of saturation, /«, for 
pure iron, obtained by these investigators, ranged from 1080 to 
17a0, and, until Weiss produced Iris Pe 2 Co alloy, it was generally 
thought that no alloy had a higher saturation value than pure 
iron. 

On account of the remarkable magnetic properties obtained 
for pure iron by melting it in vacuo,it was suggested to the author 
by Dr. Jacob Kunz, that the iron cobalt, alloy, Fe 2 Co, might 
show some interest ing; properties when prepared under such con¬ 
dition!;. An investigation was consequently undertaken, and 
the results fully met the expectations. The magnetic properties 
in low and medium fields were measured by the Burrows method, 
described on p, 2*157, while the saturation values were obtained 
by Dr. li. II. Williams of the Physics Department by means 
of the isthmus method. 

The results are shown in the following tables and figures. 
For the sake of comparison the properties of a few other grades 
of iron and iron alloys, tested under identical conditions, have 
been included. 

The chemical analysis shows that the iron-cobalt alloys con¬ 
tain 33.31 per cent cobalt and may thus be said to conform quite 
■closely to the formula Pe 2 ( % o. 

With regard to the saturation values, it is seen from Table II 
that the results obtained in this investigation show that the iron- 
cobalt alloy, Fe..Go, has a saturation value about 13 per cent 

9. Tom , Kara*lay Sue, K, p, l ilt, 191142. Compt. Rend. 150, 
p. 1970, ltd If, 

10, Proceedings Royal Sac. -12, p, 200, 1887, Phil. Trans. 180 A, 

p. 221, 1KX0. 

11, Phil, Mag, 30, p. 298, 1890. 

12. ElcktruUnh, Zntschr, 80, p. 1005, 1909. 

14. J a urn, !n,st. Elect, Engrs. t Dee. 1910. 
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higher than that of pure iron, irrespective of the method of melt¬ 
ing. However, the saturation values both for pure iron and for 


TABLE II— I s —SATURATION INTENSITY OF MAGNETIZATION 


Specimen 

As forged 

Annealed at 
900 deg. cent 

Annealed at 
1100 deg. cent 


1798 

1803 

1803 

FeoCo, No. 3Co01 melted in vacuo *. 

1977 . 

1967 

1967 

“ No. 3Co02 “ “ “ 2 . 

2036 

2039 

2039 

“ No. 3Co03 " “ 3 . 

2057 

2048 

2048 

Fe»Co, obtained from Weiss. 

1977 



Same, remelted in vacuo 3 . 

2038 



Cold rolled steel. 

As rolled 
1750 




1. At a pressure of about 3.0 mm. Hg. 

2. At a pressure of about 1.0 mm. Hg. 

3. At a pressure of about 0.5 mm. Hg. 


the iron-cobalt alloy are raised about 3 per cent by melting the 
substances in vacuo. While the saturation value is primarily 
of scientific interest. Fig. 3 shows that the iron-cobalt alloy 



Fig. 3—Magnetization Curves for Various Grades of Iron and 
Iron Alloys—Annealed 

may be of practical importance in the electrical industry. While 
its magnetization curve is 13 per cent above that for pure iron 
at saturation, it is 25 per cent higher in medium fields, such as 
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H = 50 to H = 200. It crosses the pure iron curve at H = 7.5 
and remains below at lower densities. However, its maximum 
permeability is 13,500, which is much higher than is obtained 
for the best grades of transformer iron at the present time. The 
hysteresis loss, too, is as low as or lower than that in commercial 
grades of iron. Its chief importance, however, lies in its high 
magnetic permeability at high densities. An increase here of 
25 per cent, when coupled with a low hysteresis loss, is a highly 
desirable characteristic, for instance, for the teeth of the arma¬ 
tures of dynamo machinery, where the density is very high. 

The mechanical properties of this iron-cobalt alloy, as seen 
from Table V, are not particularly advantageous. In the forged 


TABLE IV—ELECTRICAL RESISTANCE, MICROHMS PER CU. CM. AT 
20 DEG. CENT. 




Annealed 

Annealed 


Specimen 

As forged 

at 900 deg. 

at 1100 deg. 

Remarks 



cent. 

cent. 


Pure iron—melted in 





vacuo. 

9.90 

9.85 



FesCo. No. 3 Co 02 



melted in vacuo. 

FesCo. No. 3 Co. 03 

9.55 

10.15 

10.10 


melted in vacuo. 

9.25 

9.72 

9.60 


Commercial Grades 
Standard transformer 
steel. 


11.00 



Received manufac- 

4 per cent silicon steel. 


51.00 



turer’s stand, heat 
treatment. 

Swed. charcoal iron... 


10.57 




state, while rather brittle, it is considerably stronger in tension 
than pure iron. After being annealed at 970 deg. cent., how¬ 
ever, its tensile strength has decreased to about one-third, and 
it is even more brittle than in the forged state. It may be that 
the alloy could be annealed at a lower temperature than 970 
deg. cent, and retain some of the strength that it exhibits in 
the forged state, at the same time acquiring the magnetic prop¬ 
erties obtainable by annealing at 900 deg. cent. 

The electrical resistance of the Fe 2 Co alloy, as seen from 
Table IV, is about the same as for pure iron, and makes the 
alloy unsuitable for use in places where the eddy-current loss 
is of chief importance. 

Annealing the Fe 2 Co alloy at 1100 deg. cent., as seen from 
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In this iron-cobalt alloy, Fe 2 Co, is thus found a substance 
that is suitable for use in places where the magnetic density is 
very high, such as armature teeth of dynamo machinery. Its 
brittleness may, however, be a serious obstacle in this con¬ 
nection. While its electrical resistance is low, there is reason 
to believe that this may be raised by the addition of other 
alloying elements. 

IV. Iron-Silicon Alloys 14 

Probably no series of iron alloys, outside the iron-carbon 
series, has received more attention in recent years than has the 
iron-silicon series. This is largely due to the fact that some 
of the alloys belonging to this series have proved their superi- 

PERMEABILITY -JUL 



Fig. 4b—Hysteresis Loops and Permeability Curve for Pure 
Iron Melted in Vacuo—Annealed at 900 Deg. Cent. 

ority over pure iron and other iron-alloys for certain very im¬ 
portant purposes in the electrical industry. The iron-silicon 
alloys have been thoroughly investigated from a chemical, 
metallurgical and physical point of view, so that their properties 
are generally very well known. 

The effect of silicon upon the mechanical properties of iron 
was noticed as early as the beginning of the last century, when 
Mushet found that quartz sand applied to molten iron made 
the iron harder and more brittle. These results were later 
confirmed by other investigators, 15 but it was n ot until the end 

14. For a more detailed report see Bulletin of the Eng. Exp. Sta., 
Univ. of Ill., 1915. 

15. See P. Paglianti, Metallurgie 9, p. 217, 1912, where references 
to early investigators are given. 
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Fig. 5a—Mechanical Properties of Iron-Silicon Alloys Accord¬ 
ing to Various Investigators—A s 'Forged 




Fig. 5b—Mechanical Properties of Iron-Silicon Alloys, According 
to Various Investigators—A s Forged 
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of the century that systematic investigations of the iron-silicon 
alloys were made. In 1887, Tilden, Roberts-Austin, and Turner 16 
commenced investigations that were continued by Hadfield 17 
in 1889 and Baker 18 in 1903. These were followed by Guillet 19 
in 1904, Bisset 20 in 1910 and Paglianti 21 in 1912. The results 
of these investigations agree fairly well, considering the differ¬ 
ence in the material and treatments employed. The results 
obtained by Hadfield, Baker, and Paglianti are shown graphi¬ 
cally in Figs. 5 and 6, together with the curves obtained by 
the author. 


80 

*E 60 

O 40 
ce 









—| 





q 








1 

ongation j 






‘—rj 




‘.Ultimate LI 
















-T 



A 

o 

90,000 

80,000 

70,000 






A 






























/ 









j 





i 

a 

-» 

\ 

_ \ 




z 

o 60,000 

CO 

js 50,000 
? 40,000 

C/5 

j£ 30,000 

CO 

20,000 

10,000 

0 







/ 

U 


Q 

T 


\ 

\ 








■ A 

w 





\ 



_ jL 





J.J 




i ^ 

T 








_ 


Stress 

i 

at Yield Point 

ll '1 

A 




_^ 




j -Prese 

-Hadfi 

-Bake: 

-Pagli 

nt Ini 
ield 

i-estig 

ation 


k 







r 

anti 









1 

| 

. 

L 








o!_!_I_I_!_I_I_I_I_I_I_I_I_!_! 

0 1 2 3 4 5 6 7 

SILICON CONTENT-PER CENT 


Fig. 6a—Mechanical Properties of Iron-Silicon Alloys, According 
to Various Investigators—Annealed 

In connection with his investigation of the mechanical prop¬ 
erties of iron-silicon alloys in 1889, Hadfield 22 touched upon 
their magnetic properties. The results arrived at were not 
favorable, as it was found “ that the material (containing 4.43 
per cent silicon and 0.18 per cent carbon) had less suscepti¬ 
bility and more retentiveness than good soft iron, and that it 

16. Report of British Assoc, for the Adv. of Science, 1888. 

17. Journ. Iron and Steel Inst ., 1889, II, p. 222. 

18. Journ. Iron and Steel Inst., 1903, II, p. 312. 

19. Rev. de Metal., Memoirs, 1904, p. 46. 

20. Iron Age , Aug. 25, 1910. 

21. Metallurgie, 9, p. 217, 1912. 

„ Rev. de Metal. Extracts 11, p. 4, 1914. 

22. Jour. Iron and Steel Inst. 1889, II, p. 237. 
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vestigators have been searching for new treasures in this field. 
Except for permanent magnets, however, silicon still holds the 
first place as the alloying element giving best results for elec¬ 
tromagnetic machinery. Among those who have investigated 
the magnetic and electrical properties of iron-silicon alloys 
since Hadfield’s discovery are found Gumlich 25 and Schmidt 
(1901), Baker 26 (1903), Dillner 27 and Engstrom (1905), Guert- 
ler 28 (1906), Burgess 29 and Aston (1910), Gumlich 30 and 'Goerens 
(1912), and Paglianti 31 (1912). While the numerical values 
obtained by these investigators vary considerably, they agree 
as to the general effect of silicon upon the magnetic properties. 
Thus it was found that silicon in general decreases the hysteresis 
loss of the iron, and increases the permeability. The rate of 
improvement becomes very large at about 2 per cent silicon, 


TABLE VI—MAGNETIC AND ELECTRICAL PROPERTIES OP HADFIELD’S 
IRON-SILICON ALLOYS. 


Mark 

Silicon 

per 

cent 

Max. in¬ 
duction 
for 

H = 45 

Perme¬ 

ability 

for 

H = 8 

Reten- 
tivity 
in terms 
of B 

Coercive 
force in 
terms 
of H 

Energy 
dissipated 
per com¬ 
plete cycle, 
ergs per 

cu. cm. 

Spec. elec, 
resistance, 
microhms 

S. C.I. 

0.07 






10.2 

B 

0.14 

16,800 

1625 

9770 

1.66 

10,760 

10.9 

898 E 

2.50 

16,420 

1680 

4080 

0.90 

7,900 

42.1 

898 H 

5.50 

15,980 

1630 

3430 

0.85 

6,500 

65.2 


but continues until the limit of forgeability—about 7 per cent— 
is approached. Gumlich and Goerens expressed the opinion, 
previously suggested by Hadfield and Hopkinson, that this 
improvement can not be attributed directly to the silicon 
as silicon decreases the saturation value of the iron—but that 
it is due to the neutralizing effe ct of silicon upon carbon. It 

25. Elektrotech. Zeitsch., 22, p. 691, 1901. 

26. Journ . Iron and Sveel Inst., 1903 II, p. 312. 

Jo urn. Inst . of Elect. Engrs., 34, p. 498, 1904-05. 

27. Journ . Iron and Steel Inst., 1905 I, p. 474. 

28. Zeitschr. Anorg. Chemie , 51, p. 397, 1906. 

29. Met . and Chem. Engng., March, 1910. 

30. Trans. Faraday Soc. 8, p. 98, 1912. 

Ferrum 10 (12) p. 33, 1912; Chem. Zentr. Bl. (5) 17 (13) p. 380. 

31. Metallurgie, 9, p. 217, 1912; 

Rev, de Metal, Extracts, 11, p. 4, Jan, 1914, 
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has been shown that with a silicon content of 3 to 4 per cent 
or more the carbon in the iron can not exist in the dissolved 
or combined form even if quenched, but is all converted into 
graphite, a form in which it has a much less harmful effect 
than in any other form. These conclusions have received 
further confirmation by the results of Paglianti, who shows that 
quenching increases the coercive force 4 to 7 times for low- 
silicon iron and only twice fpr high-silicon iron. The effect 
upon the hysteresis loss and permeability is shown to be similar. 

The metallography of the iron-silicon series has been in¬ 
vestigated by Osmond, 32 Arnold, 33 Baker, 34 and by Guertler 
and Tammann. 35 From the data obtained from these researches 



Fig. 7—Equilibrium Diagram for Iron-Silicon, According to 
Gontermann 

Gontermann 36 has worked out an equilibrium diagram for the 
iron-silicon alloys, up to the first eutectic point, 21.4 per cent 
silicon. The diagram is shown in Fig. 7, where the lines not 
established by experiments are shown broken. According to 
this diagram, silicon, in quantities of about 15 per cent or less, 
remains dissolved in the iron throughout all the allotropic modi¬ 
fications of the latter. If the solution contains more than 15 
per cent silicon, two different crystals are formed upon cooling, 

32. Journ. Iron and Steel Inst., 1890, I, p. 62. 

33. Journ. Iron and Steel Inst., 1894, I, p. 107. 

34. Journ. Iron and Steel hist., 1903, II, p. 312. 

35. Zeitschr. Anorg. Chem. 47, p. 163, 1905. 

36. Z. Anorg. Ch. 59, p. 384, 1908; Journ. I. & S. Inst., 1911, I, p. 431. 
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namely, the mixed saturated crystal of iron- and silicon, con¬ 
taining about 15 per cent silicon, and a crystal of the com¬ 
position FeSi. 

The results of the above investigations are confirmed by 
the photomicrographs published by Baker, Guillet, 37 , Guertler 
and Tammann, Gumlich and Goerens, 38 and Paglianti. 39 These 
show that with a silicon content of 15 per cent or less there is 
only one kind of crystal present in the alloys, with the excep¬ 
tion—in the low-silicon alloys—of the cementite crystals caused 
by the carbon present in the iron to a greater or less extent. 
With a higher silicon content—above 3 or 4 per cent—carbon 
is no longer precipitated as cementite, but as graphite, and 
appears in the form of black spots on the surface of the polished 
specimen. 

V. Results 

1. Chemical Properties. Table VII gives a complete list of 
all the alloys made, together with the chemical analysis for 
silicon. From the amount of silicon added, the percentage 
lost in terms of the weight of the ingot has been calculated and 
listed in the fourth column. The only elements that are present 
in the alloys as impurities in a measurable quantity are carbon, 
amounting to about 0.01 per cent, and oxygen. 

It has been previously shown 40 that the electrolytic iron, 
even after the thorough cleaning to which it was subjected 
before melting, contained about 0.4 per cent oxygen in the 
form of some oxide of iron. It was shown that while carbon 
will reduce the iron oxide before commencing to combine with 
the iron, boron will combine with the iron before all the iron 
oxide is reduced, its affinity for oxygen being about twice its 
affinity for iron. From Table VII it is seen that silicon in this 
respect acts like boron, with this difference, that its affinity 
for iron is much stronger than its affinity for oxygen. The 
percentage of silicon lost, that is, the percentage that has been 
oxidized and changed into slag, increases, somewhat irregularly, 
with the silicon added, but reaches a maximum of about 0.5 
per cent. As silicon oxidizes to Si0 2 , the maximum amount of 

37. Rev. de Metal. Memoirs, 1904, p. 46. 

38. Trans. Faraday Soc. 8, p. 98, 1912. 

39. Metallurgie 9, p. 217, 1912. 

Rev. de Metal., Extracts, 11, p. 4, Jan. 1914. 

40. Trans. A.' I. E. E., 1914, Vol. XXXIII, Part I, p. 451. . 

Bulletins 72 and 77, Eng. Exp. Sta., Univ. of Ill. 
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oxygen absorbed is 0.44 per cent, or the same amount that was 
found in the two previous investigations, using carbon or boron. 
2. Mechanical Properties . The results of the mechanical 


TABLE VII.—LIST OF ALLOYS. 


Specimen 

No. 

Silicon 
added 
per cent 

Silicon 

content 

as per 
chem. 
anal, 
per cent 

Silicon 

lost 

per cent 

3-51 

0.000 

ab’t. 0.001 


3-52 

0.000 

“ 0.001 


3-53 

0.000 

“ 0.001 


3-54 

0.000 

“ 0.001 


3—55 

0.000 

“ 0.001 


3 Si 05 

0.092 

0.068 

0.024 

3 Si 06 

0.185 

0.148 

0.037 

3 Si 07 

0.276 

0.242 

0.034 

3 Si 08 

0.368 

0.309 

0.059 

3 Si 09 

0.460 

0.400 

0.060 

3 Si 10 

0.551 

0.472 

0.079 

3 Si 11 

0.643 

0.563 

0.080 

3 Si 12 

0.734 

0.673 

0.061 

3 Si 13 

0.825 

0.698 

0.127 

3 Si 14 

0.916 

0.822 

0.094 

3 Si 15 

0.138 

0.064 

0.074 

3 Si 16 

0.046 

0.010 

0.036 

3 Si 17 

0.230 

0.230 

0.000 

3 Si 18 

1.810 

1.741 

0.069 

3 Si 19 

2.690 

2.550 

0.140 

3 Si 20 

3.560 

3.580 

—0.020 

3 Si 21 

0.092 

0.048 

0.044 

3 Si 22 

0.185 

0.091 

0.094 

3 Si 23 

0.276 

0.20 

0.071 

3 Si 24 

2.690 

2.570 

0.120 

3 Si 25 

3.560 

3.400 

0.160 

3 Si 26 

2.260 

2.180 

0.080 

3 Si 27 

3.125 

2.730 

0.395 

3 Si 28 

4.410 

4.440 

—0.030 

3 Si 29 

5.230 

4.920 

0.310 

3 Si 30 

8.420 

8.550 

—0.130 

3 Si 31 

2.260 

1.710 

0.550 

3 Si 32 

6.850 

6.570 

0.280’ 

3 Si 33 

0.459 

0.420 

0.039 

3 Si 34 

0.915 

0.700 

0.215 

3 Si 35 

0.276 

0.193 

0.083 

3 Si 36 

3.980 

3.550 

0.430 

3 Si 37 

4.810 

4.390 

0.420 


Remarks 


} These rods were discarded after 
annealing at 1100 deg. cent, on account 
of oxidation due to a leak in the furnace. 


The magnetic data for these rods, af¬ 
terannealing at 900deg. cent, were taken 
before the effect of strain due to tight 
clamping of the yokes was noticed. 
It was impossible to re-test these rods 
annealed at 900 deg. because they were 
already annealed at 1100 deg. Data for 
1100 deg. annealing were taken without 
strain. 


Not forgeable. Crushed into mass of 
crystals. 

Flaw in center of rod after forging. 


Not forgeable. Same as 3 Si 19. 
Contaminated in melting. 


Not forgeable. 


Not used. Made from electro t 
iron that proved to be impure. 


tests axe shown in Tables VIII and IX, and graphically in Figs. 
8 and 9. A comparison between these results and those ob¬ 
tained by previous investigators was given in Figs. 5 and 6 
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Pig. 10 is a reproduction of a photograph of some of the test 
pieces after being tested, showing very clearly the variation 
in the elongation and reduction of area caused by silicon. From 
the figures it may be stated in general that silicon increases 
the elastic limit and ultimate strength of iron in direct propor¬ 
tion to the amount added, reaching a maximum at about 4.5 
per cent. From this point on, the elastic limit coincides with 
the ultimate strength, and both decrease very rapidly. The 


TABLE VIII—MECHANICAL TESTS 


As Forged 


Number 

of 

speci¬ 

men 

Silicon 
content, 
per cent 

Yield 
point, 
lb. per 
sq. in. 

.Ulti¬ 
mate 
strength 
lb. per 
sq. in. 

, Elongation 
per cent 

Reduc¬ 
tion of 
' area, 
per cent 


Before 

“neck¬ 

ing” 

Ulti¬ 

mate 

Remarks 

3-39 

0.001 

35,800 

44,700 


39 

80.4 


3-53 

0.001 

44,400 

46,500 

3 

24 

53.8 


3-55 

■0.001 

38,000 

40,800 

8 

40 

88.5 


3 Si 16 

0.01 

41,800 

45,200 

11 

35 

78.0 


3 Si 21 

0.048 

42,850 

46,900 

5 

25 

91.6 

Failed near punch, 
mark 

3 Si 05 

0.0GS 

36,800 

43,800 

10 

37 

92.0 


3 Si 22 

0.091 

35,600 

43,750 

12 

36 

91.7 


3 Si 06 

0.148 

38,600 

45,000 

11 

42 

94.8 


3 Si 23 

0.205 

42,500 

49,700 

10 

39 

93.4 


3 Si 17 

0.230 

41,300 

47,500 

10 

45 

89.7 


3 Si 11 

0.563 

40,750 

51,000 

12 

41 

92.6 


3 Si 12 

0.673 


58,000 

9 

30 

, 91.4 


3 Si 14 

0.822 

45,200 

55,800 

11 

36 

93.4 


3 Si 31 

1.71 

68,100 

76,300 

6 

29 

87.2 


3 Si 25 

3.40 

74,500 

86,300 

10 . 

31 

74.7 


3 Si 36 

3.55 

83,400 

99,300 

12 

23 

41.3 


3 Si 37 

4,39 

94,000 

105,000 

6 

6 

7.5 


3 Si 29 

4.92 

50,250 

50,250 

nil 

nil 

nil 

Failed at base of 
head 

3 Si 32 

6.57 

5,120 

5,120 

nil 

nil 

nil 

Tested between grips 
without being ma¬ 
chined 


values for the forged condition are considerably higher than 
for the annealed condition, the difference varying between 
10,000 and 20,000 lb. per sq. in. (7 to 14 kg. per sq. mm.). 
For the 4.5 per cent alloy “ as forged ” the ultimate strength 
is 105,000 lb. per sq. in. (73.5 kg. per sq. mm.), about 8000 lb. 
per sq. in. (5.6 kg. per sq. mm.) higher than the maximum 
obtained by previous investigators. The practical absence of 
carbon in the vacuum iron causes the low-silicon alloys to be 
weaker than the corresponding alloys tested by previous in- 
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vestigators, but this same absence of carbon evidently is a 
cause for added strength in the 4.5 per cent alloy, in which the 
carbon exists in the form of graphite. 

With regard to the elongation and reduction of area, the 
results in general confirm those obtained by Hadfield, Baker 
and Paglianti concerning the effect of silicon. However, the 
vacuum alloys again show the effect of the lack of carbon in 


Number 

of 

specimen 

Silicon 
content, 
i per cent 

Yield 
point, 
lb. per 
sq. in. 

3-39 

0.001 

16,400 

3 Si 16 

0.010 

16,050 

3 Si 21 

0.048 

20,100 

3 Si 15 

0.064 

14,750 

3 Si 05 

0.068 

20,400 

3 Si 22 

0.091 

14,290 

3 Si 06 

0.148 

15,890 

3 Si 23 

0.205 

25,075 

3 Si 19 

0.230 

14,910 

3 Si 07 

0.242 

18,100 

3 Si 08 

0.309 

21,650 

3 Si 09 

0.400 

26.000 

3 Si 10 

0.472 

17,340 

3 Sill 

0.563 

25,700 

3 Si 12 

0.673 

26,550 

3 Si 13 

0.698 

23,100* 

3 Si 14 

0.822 

26,200 

3 Si 31 

1.71 

35,800 

3 Si 18 

1.741 

45,750 

3 Si 27 

2.73 

49,600 

3 Si 25 

3.40 

57,100 

3 Si 37 

4 39 

85,000 

3 Si 28 

4.44 

72,900 

3 Si 29 

4.92 

47,700 

3 Si 32 1 

6.57 

13,000 


TABLE IX—MECHANICAL TESTS 
Annealed at 970 Deg. Cent. 


Ulti¬ 
mate 
itrengt 
lb. per 
sq. in. 


36.100 
34,900 
35,000 

34.100 
34,900 

35.400 

35.200 
38,650 
35,500 

38.400 

40.400 
42,000 
42,750 

41.200 

45,230 

43,000 

45,150 

54,250 

55,000 

67,800 

77.400 
85,000 


91,600 

47,700 

13,000 


Elongation, 
per cent 

Reduc- 

of 

Area, 
per cent 

i Before 
“neck¬ 
ing” 

Ulti¬ 

mate 


61 

80.9 

25 

53 

81.5 

2c 

48 

89.3 

27 

29 

45.1 

28 

64 

94.8 

26 

64 

91.8 

29 

48 

67.0 

19 

50 

89.4 

30 

60 

84.7 

25 

60 

91.3 

25 

55 

90.0 

20 

55 

91.0 

26 

54 

91.4 

08 



21 

45 

88.2 

25 

57 

89.0 

28 

50 

91.6 

25 

50 

90.6 

14 


84.7 

18 

19 

15.5 

15 

21 

28.7 

nil 

nil ' 

. 1.2 , 

14 

24 

25.1 

nil 

nil 

nil ] 

nil 1 

nil 

nil ' 


Remarks 


Failed near head; flaw 


Broke near head; flaw 


Was not stressed to 
failure; flaw 


Failed at punch mark 


cent, in nitrogen 


Demg much tougher m the region of low silicon as well as in th< 
region between 3 and 5 per cent. The latter is particularly 
significant, as it is in this region that the maximum strenctl 
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aglianti found for the annealed alloys a similar drop in the 

“ tw T* “ the dongation in this re gion, confirm- 
J* V /Q W ™ th6re 13 a Critical point at about 2.5 per cent 

to o n ’ [ f SS 0 6A and 0B ' ) ’ Baker shows the sudden drop 
to occur between 3 and 4 per cent silicon; but Baker’s method 

1 melting raises the question whether part of the silicon in his 
alloys was not. m the form of Si0 2 . All his curves seem to 
point m this direction. 

3. Magnetic and, Electrical Properties. The results of the 
magnetic and electrical tests are shown in Tables X and XI 



Pig. 11 Magnetic and Electrical Properties of Iron-Silicon 
Alloys Annealed at 900 Deg. Cent. 

and in Figs. 11 to 15, inclusive. Figs. 11 and 12 show at a 
glance the magnetic and electrical properties of the series, 
Fig. 11 after annealing at 900 deg. cent., and Fig. 12 after an¬ 
nealing at 1100 deg. cent. The properties in the forged state 
have not been thus plotted for the reason that they are of less 
interest on account of their inferiority. However, in order to 
have them included in the paper, Fig. 13 gives the flux densities 
for various magnetizing forces for the alloys as forged; Figs. 
14 and 15 give the corresponding values after annealing at 900 
and 1100 deg. cent., respectively, thus affording means for 
comparison as to the effect of the various heat treatments. 
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coercive force. I he first of these points occurs at a silicon 
content of about 0.15 per cent, the second at a silicon content 
ot about 3.5 per cent tor the permeability and about 4.0 per 
cent for the hysteresis loss and coercive force. The reason 
that the second maximum for permeability and minimum for 
hysteresis loss do not occur at the same silicon content appears 
very clearly from the retentivity and coercive force curves, 
when it is remembered that the hysteresis loss primarily de- 



ibo. 13 T'i.iix Dknsity i-uk Various Maonetizino Forces—As Forged 

pends upon the coercive force and the retentivity, and only 
to a less extent, upon the maximum permeability. 

That a maximum or minimum--should occur for a low 
silicon content was not surprising in view of the results pre¬ 
viously obtained with pure iron, iron-carbon and iron-boron 
alloys. In the; latter case a maximum was obtained with a 
(race of boron, evidently on account of a slight purification 
of the iron, but as soon as the boron content became measurable 
the magnetic properties immediately depreciated. The first 
maximum in the present ease can, no doubt, be accounted for 
in the same way, and consequently this point may be regarded 
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as characteristic of the purest iron obtainable under the present 
conditions, containing 0.15 per cent silicon and a small amount 
of oxygen in the form of iron oxide. The slight uncertainty 
existing for silicon contents below 1.0 per cent, as shown by 
the distribution of the points, is probably due to the varying 
amounts of oxide left in the iron. That the oxide in the iron be¬ 
fore melting varied to some extent is apparent from Table VII, 
judging from the amount of silicon oxidized in the high alloys, 
where probably all the oxide was reduced. This reasoning would 



Fig. 14—Flux Density for Various Magnetizing Forces—Annealed 

at 900 Deg. Cent. 

consequently also account for the uniform results obtained for 
the high silicon contents. 

The second maximum or minimum—was wholly unexpected, 
as strength and brittleness are not generally associated with 
high magnetic quality. It is true that previous investigators 
have found a maximum between 2.5 to 4.0 per cent silicon, 
but, as was pointed out on p. 2473, this was thought to be due 
to the neutralizing effect of the silicon upon the relatively large 
amounts of impurities, chiefly carbon, present in the iron. In 
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the present case the alloys contained only about 0.01 per cent 
of carbon. Thus it seems improbable that the second maximum 
in this case can be attributed solely to the conversion of 0.01 
per cent of combined carbon into graphite. It seems more 
probable that the improvements are due partly to this con¬ 
version and partly to the complete reduction of iron oxide. 
If this second maximum should be due entirely to the conversion 
of combined carbon into graphite, the current ideas regarding 
the influence of carbon upon the magnetic properties of iron 



Fig. 15 Flux Densities for Various Magnetizing Forces—An¬ 
nealed at 1100 Deg. Cent. 


will certainly have to be changed, and it will become desirable 
to remove from the iron the last trace of carbon. According 
to these hypotheses, the first maximum is due to pure iron in 
spite of small amounts of iron oxide and combined carbon, while 
the second maximum is due to pure iron in spite of a relatively 
large amount of dissolved silicon. If none of the above hypo¬ 
theses is correct, the only other explanation remaining is that 
the second maximum is due directly to silicon dissolved in the iron. 
As an argument against such a theory, Hadfield and Hopkin- 
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son 44 in 1900 and Gumlich 45 in 1912 brought out the fact that 
silicon reduces the saturation value of iron in direct proportion 
to the silicon dissolved in the iron, and consequently it did not 
seem probable that silicon could directly improve the per¬ 
meability at lower densities. However, it is a curious coin¬ 
cidence that at the same meeting of the Faraday Society at 
which Dr. Gumlich made the above statement, Dr. P. Weiss 46 
read a paper on iron-cobalt alloys, showing that the alloy Fe 2 Co 
has a saturation value 10 per cent higher than that of pure iron. 
The author has shown that while the iron-cobalt alloy, Fe 2 Co, 
melted in vacuo, has a saturation value- 13 per cent higher 
than that of pure iron melted under identical conditions, its 
permeability at low densities is much lower. Evidently both 
the high saturation value and the comparatively low permea¬ 
bility at lower densities of the Fe 2 Co alloy must be due to the 
combination between iron and cobalt, or, in other words, must 
be attributed directly to the cobalt. There is no reason, then, 
why the low saturation value and the high permeability at low 
densities of the 3.40 per cent iron-silicon alloy can not both be 
due directly to silicon. That is, no foundation exists any longer 
for assuming that there is a direct connection between the 
saturation value of a certain alloy and its properties at low 
and medium densities, and it is consequently possible' that 
the second maximum occurring in the maximum permeability 
curve for the iron-silicon series may be due directly to silicon. 
More experimental evidence is needed, however, before it is 
safe to make a definite statement in this respect. 

While silicon is thus, directly or indirectly, engaged in im¬ 
proving the magnetic properties of iron, it serves a very useful 
purpose by increasing the electrical resistance of the iron enor¬ 
mously, giving the iron the exact characteristics desired for 
electromagnetic machinery. 

The iron-silicon series thus offers two important alloys for 
electrical purposes, both having high permeability and low 
hysteresis loss, but differing in that one has a very low, while 
the other has a very high electrical resistance. 

The values obtained are, undoubtedly, without precedent 
in the annals of the magnetic properties of iron and iron alloys, 
and it is only after a careful analysis of the apparatus used and 

44. Inst, of Elect. Engrs. 46, p. 225, 1911. 

45. Trans. Faraday Soc. 8, p. 109, 1912. 

. 46. Trans, Faraday Soc. 8, p. 149, 1912. 


1915] 


YENSEN: VACUUM IRON ALLOYS 


2635 


the methods employed in testing that the author feels reason¬ 
ably safe in publishing them. As an extra precaution, how¬ 
ever, he wishes to repeat the statement made on p. 2606, 
that experimental evidence seems to point towards a larger 
percentage error due to the compensating current than theo¬ 
retical considerations according to Burrows 47 and others would 
lead to. But even if the maximum error in the results as given 
should amount to 20 per cent, their significance would not be 
altered, appreciably. Whether the true maximum permeability 


TABLE XII 
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Hysteresis loss, ergs 
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0.92 1.00 

ab't. 2700 ab’t. 5500 

1900 

Had field. 
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5,100 

0.72 0.79 

“ 2200 “ 4700 

1901 

Gumlich and 






Schmidt.... 

Wrought iron 

8,350 

0.60 


1903 

Baker. 

4.9 % Si-iron 


- 1.20 

6200 

1910 

Terry. 

Electrolytic iron 

11,000 



1912 

Gumlich 






and Goerens . 

0.4 % Si. sheets 

11,600 

0.54 


1912 

Gumlich and 






Goerens ..... 

4.0% Si. sheets 

9,400 
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Paglianti. 

1.75% Si-iron 


0.60 0.75 

1650 3500 

1914 

Y on sen. 

Pure vacuum 

19,000 

0.29 

813 1640 



iron 




191.5 

Yen sen. 

0.15% Si. va¬ 

66,500 

0.09 0.16 

286 916 



cuum iron 




1915 

Yen sen. 

3.40% Si. va¬ 

63,300 

0 08 0.15 

2S0 1025 



cuum iron 





obtained is 66,500 or 53,200 is of little consequence at the present 
time, as long as it is reasonably certain that it lies in this neigh¬ 
borhood. Should it be definitely established that the value 
oi the required compensating current imposes a limit upon 
the Burrows double bar and yoke method, beyond which the 
errors introduced are too large, a new method will undoubtedly 
be developed to meet this emergency. 

It was only a few years ago that a permeability of 6000 was 
regarded as exceptionally high. This was gradually raised to 

47. Bulletin, Bureau of Standards, Vol. 6, No. ljlieprint No. 117. 
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8000 and then Terry, 48 in 1910. obtained a value of 11,000 for 
a ring of electrolytic iron as deposited and annealed. Gumlich, 
in 1912, also obtained this value for a high-grade low-silicon 
alloy in the form of sheets. Last year the author published 
19,000 as the maximum found for pure iron melted in vacuo, 
and this value was regarded as remarkable. The step from 
19,000 to 66,500 indeed seems a long one, but intermediate steps 
have been taken in the meantime in the laboratory. The values 



for the hysteresis loss have followed in a similar path, as seen 
from Table XII. 

Fig. 16 illustrates the difference in magnetic quality between 
a silicon-vacuum-iron and a commercial silicon steel, both con¬ 
taining approximately the same amount of silicon. The maxi¬ 
mum permeability is as 20 to 1, the hysteresis loss, for B max 
= 10 »0 00> as 10 to 1, and for B max = 15,000, as 3 to 1, in favbr 
48. Phys . Rev ~ 30, p. 133, 1910. ” 
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of the vacuum alloy. For B max = 15,000 the permeability 
of the latter is twice the permeability of the commercial iron. 
The electrical resistance is nearly the same for both alloys, or 
about five times that of pure iron. 

Pig. 17 shows to a large scale the difference between a high- 
silicon and a low-silicon vacuum-iron, both having about the 
same hysteresis loss. The characteristics of the low-silicon 


PERMEABILITY 



Fig. 17 A Comparison between a High and Low Silicon Vacuum 
Iron—Annealed at 1100 Deg. Cent. 

0.048% Si.. 4.44% Si 


Hysteresis loss, for Bmax — 10,000; ergs per cu. cm. per~ 407 405 

c / : * : = 15,000; “ « “ « “ 1214.5 1171 

Specific electrical resistance, microhms. 10.78 57 


alloy are seen to be very high retentivity and high permeability 
for medium and high densities, while the high-silicon alloys 
have a low retentivity, with the maximum permeability occur¬ 
ring at a low density. The chief advantage of the high-silicon 
alloy lies in the high electrical resistance, amounting to more 
than five times that of the low-silicon alloy. 

An attempt was made to obtain a few more points for the 
high-silicon alloys, and two alloys, Nos. 3Si36 and 3Si37, were 
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melted, and test pieces prepared. ■ Unfortunately, however, 
these rods were annealed first at 900 deg. and then at 1100 deg. 
cent, in company with three rods made from impure iron and 
were evidently contaminated by them. This was discovered 
by the behavior of rod No. 3Sil7, that had previously been 
annealed at 900 deg. under normal conditions. After anneal¬ 
ing at 1100 deg. in company with the contaminated rods, its 
magnetic quality was sadly impaired, while the five other rods 
all had improved. As a matter of fact, it was the first occur¬ 
rence of a rod depreciating during the 1100-deg. annealing, and 
the only cause that could be found was contamination by the 
impure rods. One rod being thus affected, it seemed natural 
to conclude that Nos. 3Si36 and 3Si37 were similarly affected. 49 
The results for these two alloys are shown in the tables, but the 
values have not been plotted in the figures, although the points 
would have deviated but little from the curves. Another reason 
for not plotting these values is that the 1100-deg. annealing 
was done in an atmosphere of nitrogen. While the nitrogen 
did not seem to act differently from the vacuum, the method 
has not been tested sufficiently to warrant including, without 
question, the results thus obtained. However, these results, 
although not wholly satisfactory, serve as a check upon the 
results previously obtained. 

4. Photomicrographs. In the following pages a number of 
photomicrographs are reproduced, representative of the alloys 
tested. They are arranged in order of their silicon content, 
the pure iron appearing first and the highest silicon alloy last. 
With only a few exceptions, the “ as forged ” condition occupies 
the upper part of the pages, the 900 deg. annealed condition 
the middle part, and the 1100 deg. annealed condition occupies 
the lower part. The magnifications used are either 40 diameters 
or 10 diameters. In one case recourse was had to 7 diameters. 

From these photomicrographs it is seen very clearly that 
the iron-silicon alloys, in the range here investigated, consist 
of only one kind of crystals, thus confirming the results obtained 
by previous investigators, that iron and silicon, for silicon con¬ 
tents below about 15 per cent, form a solid solution everywhere 
between the freezing point and ordinary temperature. 

Below 1 per cent, silicon appears to have no marked effect 

. 4 ®' That SUCh contamination takes place during annealing was shown 
m the previous paper, m the case of five rods that were annealed in 
company with a rod that contained 0,18 per cent carbon, 
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PLATE CLVI, 

A. I. E. E. 

VOL. XXXIV, 1915 


The Non-Forgeable Alloy 3 Si 24—2.57 per cent Silicon 


As cut from ingot before forging 

<ig. 22a 10 Diam. —Picric Acid 


[yensen] 

■Full Size—Ingot After 
Forging 


Annealed at 1100 deg. cent. 

Fig. 22c—10 Diam.—Picric Acid 
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upon the structure of the iron, either as forged or annealed. 
Annealing at 900 deg. cent, does not seem to change the struc¬ 
ture of the alloys in this range, but annealing at 1100 deg- 
breaks the large crystals up into smaller ones, giving an appear¬ 
ance of a very fine structure. There is no sign of foreign sub¬ 
stances in these structures, other than those arising from im¬ 
perfect polishing. After passing the 1 per cent mark, silicon 
begins to show its effect. The crystals are generally larger 
than for pure iron, and are readily polished in relief, showing 
that they are not of uniform hardness. There is no breaking 
up of the crystals by the 1100-deg. annealing as in the case of 
the low alloys. The 1.71 per cent alloy, as seen in Pig. 21, 
shows a very irregular structure as forged, and after the 900- 
deg. annealing, but this gives way to a structure of more regu¬ 
larity as a result of the 1100-deg. annealing. The structure 
of the non-forgeable alloy is shown in Fig. 22, exhibiting very 
large uniform crystals, measuring f in. (3 mm.) to J in. (6 mm.) 
across. In the first specimen used for the 3.40 per cent alloy, 
the crystals are of about the same size and shape as the ones 
for the non-forgeable alloys, as seen in Fig. 26. In order to 
investigate this singularity further, another specimen from the 
same alloy was prepared, and this showed a much more normal 
structure (Fig. 23). Specimens were also investigated for two 
other alloys with very nearly the same silicon content, and 
these also showed structures that were quite normal (Figs. 24 
and 25) so that the large crystals, shown in Fig. 26, are evidently 
freaks, caused by peculiar conditions. It may be that the 
specimen was taken at one end of the forged rod. Neverthe¬ 
less, the occurrence of these enormous crystals is very interest¬ 
ing, not only on account of the enormous size, but also because 
it shows that the size of crystals in and of itself does not prevent 
the material from being forgeable. The remainder of the 
photomicrographs exhibit quite normal structures with no 
marked change caused by the two heat treatments. 

The principal difference between these photomicrographs 
and the ones published by previous investigators is the absence 
of foreign matter in the structure of the vacuum alloys. Even 
Baker, whose alloys contained only 0.04 per cent carbon, shows 
in his photomicrographs, besides small amounts of pearlite or 
graphite, some other foreign substance that could not be ex¬ 
plained at that time. It seems probable, in view of the method 
used for melting and the mechanical properties of his alloys, 
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that these other foreign substances may be oxides. The other 
investigators invariably show comparatively large amounts of 
pearlite for low alloys and patches or spots of graphite for high 
alloys. The size of crystals for the vacuum alloys, excluding 
the abnormal cases, is very much larger than for the less pure 
alloys. This is true both for low and high silicon contents. 

5. Summary and Conclusions. The results recorded in the 
previous pages regarding iron-silicon alloys may be summarized 
as follows: 

1. By means of the vacuum method of melting it is possible 
to obtain a decidedly purer product than has thus far been 
obtained in any other manner. Consequently, more definite 
conclusions can be drawn with regard to the effect of silicon 
upon iron, than have hitherto been possible. 

2. Silicon, like boron, has a double effect upon iron. Part 
of it combines with the iron and remains in solid solution through¬ 
out the cooling of the alloy, while a smaller part reduces the iron 
oxide present. 

3. The tensile strength of the vacuum product follows in 
general the same law as alloys made under ordinary conditions, 
but the ductility of the former is much greater, particularly 
below 2 per cent and above 3 per cent, probably due to the 
absence of carbon. The maximum tensile strength of 105,000 
lb. per sq. in. (73.5 kg. per sq. mm.) occurs with a silicon con¬ 
tent of 4.5 per cent. 

4. The limi t of forgeability lies between 7 and 8 per cent 
silicon. A critical range occurs between 2.50 per cent and 
2.60 per cent, in which the alloys are not forgeable. 

5. With regard to the magnetic properties the vacuum alloys 
exhibit most remarkable characteristics. The best alloys are 
obtained with about 0.15 per cent and 3.40 per cent silicon, 
after ann e alin g at 1100 deg. cent. The values of maximum 
permeability for both of these alloys are above 50,000, and 
the values of hysteresis loss for B max = 10,000 and 15,000 are 
about 300 and 1000 ergs per cu. cm. per cycle, respectively. 
This hysteresis loss is \ and § of the corresponding loss ior 
commercial silicon steel. The most favorable annealing tem¬ 
perature is in every case 1100 deg. cent. 

6. The spe cifi c electrical resistance increases about 13 mi¬ 
crohms for the first one per cent of silicon added. For each 
additional per cent added the increase is about 11 microhms. 
Consequently, the 3.40 per cent alloy mentioned under (5) 
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a resistance nearly 5 times that of the 0.15 per cent alloy, 
yet both have similar magnetic properties. 

^ y the vacuum process two silicon alloys have thus been 
^ Sliced that have very valuable characteristics; one, low in 
J^On, not very strong, but extremely ductile, of high per- 
^^kilrty, low hysteresis loss, and of low electrical resistance; 
ot ^ ier > silicon, very strong, moderately tough, of 

permeability, low hysteresis loss and of high electrical 
^^tance. The properties for these two alloys are summarized 
^ able XIII. The first is evidently suitable for use in places 
high permeability and low hysteresis loss are the chief 


TABLE XIII—PROPERTIES OF THE TWO .BEST IRON-SILICON 
, VACUUM ALLOYS ’ 



Stress 

at 

yield 
point 
lb. per 
sq.in. 

Ultimate 
strength 
lb. per 
sq. in. 

Elong¬ 
ation 
per cent 

Reduc¬ 

tion 

of 

area 

per cent 

Maxi¬ 

mum 

per¬ 

mea¬ 

bility 

Density 

for 

max. 

perme¬ 

ability, 

gausses 

Hysteresis loss 
ergs per cu. cm. 

per ~ 

Spec. 

elec. 

resist¬ 

ance 

mi¬ 

crohms 

for 

Bmax. 

= 10,000 

for 

Bmax. 

= 15,000 

-15 

^50 

18,500 

58,000 

37,000 

76,500 

56 

21 

90 

28 5 

66,500 

63,300 

6500 

6500 

286 

280 

916 

1025 

11.80 

48.50 


LTLirements, while the second alloy is suitable for electro- 
-grxtetic machinery, principally where a low eddy-current loss 
^xi additional requirement. 

rile data presented in this paper are drawn from researches 
-ich have been made at the Engineering Experiment Station of 
- University of Illinois, and the author wishes to express his ap- 
ioiation to Professor E.B. Paine for his sympathetic and en- 
itx- aging attitude, which has been a real help in the work. The 
blxor also wishes to mention Mr. W. A. Gatward, Fellow in the 
.gineering Experiment Station of the University of Illinois, 
account of his conscientious work, particularly in connection 
the magnetic testing, but also in many other ways. Finally, 
J. M. Lindgren of the Chemistry Department. deserves 
credit for the chemical analysis. 
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Discission ok " Tun Mac.nistu’ Prockrtiks of Somk Ikon 

Alloys Mhltko in Vaci-h" i VknsknK St. Lulis, Mo,, 
Octobbk 20, HUT). 

Thomas Spooner: The Burrows permeability apparatus 
we have used in our commercial testing for some . year., 
and found it very satisfactory, es]H.*eially when used in com- 
tveeiion with the (Vrassot dux-meter. I he :i|tparatus ha given 
us very aeeurale cheeks for tile Bureau of Standard*-- certified 
n h1:l We, of eiair.f, have not had oeeaaon to te t :■ ample:, 
of permeability of 00.000 to 70.000, hut for commercial material 
we feel sure that the apparatus is. extremely ueeurate. 

In regard to the question of bending, we discovered the 
same fact Mr. Yemen did, some time ago, when we fir.a put 
our Burrows apparatus in commission, We had two >ets o! 
yokes whieh were mechanically exactly alike, and still, to make 
sure, we tried testing two rod- in eaeh set of yuS-ao, P* make 
certain that the two pieces of apparatus wen* identical, and 
we found that we were not aide in check within o;vefa! per 
cent. After considerable work we dbrovered that it w;t un 
doubtedly due to a little difference in tin* vokee which produced 
strain in the rods, 

Only tlie other day 1 got a pretty good example of the etfert 
of bending. I received from flu* annealing room a ample 
of sheet material which was bent. If w;r. rather beam gage 
material* and of eourse I knew is. would nut tea correct lv, but 
as a matter of intere t 1 put is in the yoke and got a pentie 
ability test at an induction of 10 kilogaw-e., ^ The permea¬ 
bility was approximately tilty per eent nj what it -honld have 
been, showing the effect of bending. 

In regard to the vacuum treatment, we have not made any 
alloys melted in vaeuo, but we have done a little work on 
vacuum annealing, and wa* have not keen able to hud that 
the vacuum treatment wa - of any particular benefit ! would 
ask Mr. Yemen if he attributes the high value of permcabtltfv 
which he has obtained in any degree to the large dee of cry:.Jab 
which his micrographs show. 

W, Js Wooldridge: The hr a thing I noli* ab*»m \\» m .nlm 
is t hat the samples are all in t he shape of rods, and while % au 
or forged material is of considerable interest, '-heel material 
is of greater importance, Several, yearn ago ^ we made '.mm* 
tests on rods cut from open hearth steel and literal steel Iroin 
various parts of the ingot, or bloom, rods from the sheet bar 
and samples from sheets, the object being to ascertain the 
changes due to different degrees ui working. 

The principal results were as follows.: 


Ingot 
Sheet bar 
Sheet 


0, I!. Steel 

0.0117 

0.0203 

0.0230 


Si Steel 

0 00H0 
0 . 0!10 
0.0157 


Si Steel 

0 0 < 100 
0 01 10 
0 III till 
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hysteresis, watts per pound per cycle at 5 = 10,000. Tests were 
made by the isthmus method. 

From these figures it will be noted that results are changed 
vastly by the mechanical working necessary to produce sheets 
and which changes and stresses the structure of the material. 
Further, and this has been borne out by other tests, it has ap¬ 
peared that material which is primarily of exceptionally good 
characteristics magnetically, is most susceptible to change. 
It would, therefore, be of very great interest to know how 
these new materials will behave after being rolled into sheets, 
provided it is mechanically possible to do so. 

No mention is made of eddy current losses which must be 
of considerable magnitude in the rods and may be such as 
to mask the- real hysteresis values. The eddy current loss 
cannot be considered as inversely proportional to the specific 
resistance, but is usually of much greater range, due, - doubt¬ 
less, to the different internal structures. This may be still 
more exaggerated in unlaminated samples. Materials having 
the same specific resistance vary greatly in respect to eddy 
current losses. Hysteresis reduction alone is not indicative 
of real improvement as material has been produced in which 
a very considerable reduction in hysteresis has been obtained, 
but in which the eddy loss has increased to such an extent 
that the net result was an actual increase in total iron losses. 

We have also noted in some cases an exalted or temporary 
but unstable condition, especially with reference to permeability. 
In certain electrolytic iron and' also in material annealed and 
cooled in a magnetic field the first test showed very high maxi¬ 
mum permeability which on later tests could not again be 
found. This apparently is a condition akin to aging of hysteresis 
which was put upon the shelf with the advent of the silicon 
alloys. This exalted condition is one very difficult of explan¬ 
ation, but is one of certain occurrence and one which is worthy 
of careful study, but which teaches us the need of caution in 
dealing with new or specially treated materials unless they 
have been carefully retested after a lapse of time or after such 
handling or temperature exposure as the material would get 
in practise. 

Of the value of vacuum fusion or heat treatment there seems 
no doubt, but in the practical application to mill manufactur¬ 
ing conditions there are great difficulties. New practises would 
have to be worked out, which would, doubtless add very greatly 
to the cost of producing the sheets. Uniformity of the product 
to a very close degree would be absolutely essential when work¬ 
ing at high densities, but the extraordinarily high permeability 
shown seems to be very delicately poised, as shown by the 
samples 3 Si 36 and 3 Si 37. 

Nevertheless the fact remains that, assuming results given 
us to be correct, it will doubtless be a great incentive to further 
investigation and to the study of ways and means to overcome 
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what look like great difficulties m order n 
bv the great, improvements. . 

John D. Ball: Fmat the resulm o!named 
and from other tests which 1 have been l»n- 
I feel that it is definitely shown that the vac 
ment gives to certain magnetic material--. at 
value of maximum permeabilii v. whtt’h i u i 
by the lowering of the hy-tere i •’ 
dieated that for materials so treated, the u 


[ ne VHiUU.s ut i»»»•• 

more startling than have 1 -reearn h 


| in \ i Wyyi 
vacuum ! 


ms attic*! 


I, the inducti*m 

at whu 

are aK*» higher 

than h 

three t»l *ht*-'e * 

dtarae* v 

an!, 


v very turn ua! ; 

and nun 

; lutm h! a allied, 

! h;c 

mn.v:-d<itv hurried 

, anal v; 


include that :.umv, 
■,1 11 *\v * a! at* ttTicilly 

v-a creb-; !* t's’dy'N. at 


I'tuhli died 
Uiv* ■ yi'icii 
aliuv - an* 
uiv M$ tlli* 
» a-, j;ivrn, 


of these results and have been Huved |m cMmaude \\uu < **uiv. 
ineonsisteneies are present. as the atiuh i - 1 ' ,tt ''‘" l ’’ ,l ■' 
high and varying values ot the ratio "I h\ mt<' t " ' 

B 15,000 and B 10,000, and iurther .mak e hou tlm 

the indicated values of saturation a denied limn the e pubh 
results are from two to six time, the maximum value gum 
for anv material. This show , that Mr. Vo, eu • - he, are 
either'more remarkable thsm appear , at a eu md /.uidi <»J tin 
paper, or that the values of maximum permeabth’v. at gr-mi. 

arc exai'i’erated. , 

Anahm of Ilystwm KnulK. Ih- mama! m. r» a 
of hvsteresis loss with increased indue!ion i- given to ■ lie 
well known law It * «»*«• In tin; ea r ,4 ..me maie.u.. n 

has been noted that at \x\yh indueumi the b>. uhmm ftlh 
increases faster than would be given bv the above e,,nation. 
This mav be accounted tor by the fact that the t"'l *« >d 
is not. homogeneous, 1ml contains impmvie. m h ■» -■* al- e». , 
which in themselves follow the law but have diiteieut rote ..m 
The more scale or helrogenemr. the material, the greater dev i.c 
lion may be expected. Tests on many 'ample. >4 ..j I"' 1 
cent silicon and 3j per cent siliconsteel aseommernalh tr rd, how 
the losses at B 15,00(1 to be 30 per emit higher than would 
be given by the loss at B 10,000 and ni, i apple atmt, ot the 

law by assuming the material to be homogeneous l "i ale 

free material this ratio is lev, For vacuum In .ed A,-, ! vv. would 
expect less oxidization, greater purity ami therefore a r.oio 
of loss coefficient, at. B 15,000 divided bv B lOOOti 
what, less than 1.3 but of course greater than 1 0, the •one- 
ponding ratio of losses themselves being To to the value o| 


rrliii'i' a ratio 
10,000 • '.me 
0, the ■ -aie 
, the value of 


/ lfi,000\ 

V 10 , 000 / 


Taking hysteresis dat a fn 


calculating the values of ij and the ratios, gives us result-, wi 
rods annealed at. 1100 deg. cent, as shown m Table 1 Here 
we find ratios from 1.07 t.o t.00, and anything von like between. 
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independent of the silicon content. For the two samples show¬ 
ing the high permeability we find ratios of 1.68 and 1.90; that 
is, in the latter case the loss at B = 15,000 is something like 
four times the loss at B = 10,000, or about twice that given 
by the Steinmetz law. This indicates either a very low loss 


TABLE i. 

RODS ANNEALED AT 1100 DEG. CENT. 


Sample 


Perm. 

Hysteresis 

Value for V 

Ratio 

Si. 

Max. 

At B = 
10,000 

B = 
10,000 

B = 
15,000 

B = 
10,000 

B = 
15,000 

3-54 

0.001 

22,800 

21,300 

665 

1860 

0.265 X10- 3 

0.387 X10- 3 

1.46 

3-55 

0.001 

25,800 

25,600 

707 

1451 

0.282 

0.302 

1.07 

3Kil« 

0.01 

29,000 

28,670 

707 

1604 

0.282 

0.334 

1.18 

3Si21 

0.048 

27,000 

27,000 

700 

1660 

0.279 

0.346 

1.24 

3 Si,15 

0.064 

36,800 

36,300 

502.5 

1336 

0.200 

0.278 

1.39 

3 Sit) 5 

0.068 

44,200 

43,500 

407 

1214.5 

0.162 

0.253 

1.56 

3Si22 

0.091 

45,250 

43,500 

394 

929 

0.157 

0.193 

1.23 

3Si06 

0.148 

66,500 

41,700 

286 

916 

0.114 

0.191- 

1.68 

38i23 

0.205 

30,200 

29,500 

649 

1526 

0.258 

0.318 

1 23 

2Si07 

0.242 

36,500 

33,000 

436 

1346 

0.174 

0.280 

1.61 

3 Sit) 8 

0,309 

44,500 

43,500 

445 

1412 

0.177 

0.294 

1.66 

3 sum 

0.100 

22,500 

22,000 

725 

1820 

0.289 

0.378 

1.31 

asiio 

0.472 

31,150 

25,000 

535 

1358 

0.213 

0.282 

1.32 

asm 

0 563 

25,000 

25,000 

601.5 

1624 

0.239 

0.338 

1.41 

3Sil2 

0,073 

28,000 

24,500 

468 

1636 

0.186 

0.340 

1.83 

3Sil3 

0,698 

20,350 

19,600 

780 

2220 

0.311 

0.46i 

1.48 

3Sil4 

0.822 

80,800 

30,300 

542 

1765 

0.216 

0.368 

1.71 

8Si31 

1.71 

30,150 

24,700 

440 

1292 

0.175 

0.269 

1.54 

asiis 

1.741 

33,000 

26,300 

416 

1112 

0.166 

0.232 

1.40 

3Si27 

2.73 

46,800 

46,000 

404 

1260 

0.161 

0.262 

1.63 

3 Si 25 

3.40 

63,300 

46,500 

280 

1025 

0.112 

0.213 

1.90 

3Si36 

3.55 

36,000 

29,500 

419 

1157 

0.167 

0.240 

1.44 

3 Si 3 7 

4,39 

25,700 

15,400 

591 

1819 

0.235 

0.378 

1.61 

3Si28 

4.44 

30,200 

15,900 

405 

1176 

0.161 

0.244 

1.52 

3 Si 20 

4.02 

12,200 

7,040 

780 

2620 

0.311 

0.545 

1.75 


material, which saturates at an induction between B - 10 000 
and B = 15 000 , after which the flux goes into a material haying 
}i high hysteresis loss, or there is some inaccuracy of test, /he 
iossis themselves are very low. For regular-3* per cent silicon 
steel a fair average figure of 13 at B - 10,000 would be 07 X 
10-4 At B = 15,000 we would expect 30 per cent nigner. 
The" results given in this paper show only about one-third 
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of the hysteresis loss of ordinary transformer steel. The cal¬ 
culations of rods annealed at 900 deg. cent, are given m Table 
II. This anneal .gives much lower values of maximum per¬ 
meability also ratios of tj which are comparable with our ex¬ 
perience with present materials. 

It would be of interest to note results of tests on ordinary ma¬ 
terials made by using Mr. Yensen’s apparatus. As none are given 
in the present paper, I ask the liberty to quote some results re¬ 
cently published by Mr. Yensen in the General Electric Review . 
Table III gives some of these tabulated results together with 


TABLE II. 

RODS ANNEALED AT 900 DEG. CENT. 


Sample 


3-54 

3-55 

35116 

3Sil5 

35105 

35106 

35117 
3SilO 
3Sil4 

3Si31 

35118 

35127 

3Si25 

35136 

35137 

35128 

35129 


Si. 


0.001 

0.001 

0.01 

0.064 
0.068 
0.148 

0.230 

0.472 

0.822 

1.71 

1.741 

2.73 

3.40 

3.55 

4.39 

4.44 

4.92 


Perm. 


Max. 


23,100 

22.500 
25,000 

22,800 

37.500 
47,000 

30,000 

14,000 

13.500 

18,000 

14,300 

16,800 

20,000 

14,000 

12,750 

16,100 

9,100 


B = 

10,000 


21,800 

21.300 
25,000 

21.700 

36.300 
42,500 

26.300 

12.700 

13.300 

15,900 

14.100 
13,300 

15,900 

8,850 

7,500 

10.100 

5,330 


Hysteresis 


B = 

10,000 


B - 
15,000 


764 

875 

795 

782 

405 

396.3 

496 

960 

1215 

800 

935 

821 

560 

802.5 

846 

623 

776 


1610 

1790 

1770 

1738 

1210.5 

965 

1311 

1863 

2432 

1541 

2162 

1779 

1390 

1812 

1956 

1575 

2006 


Values for 1 


B = 

10,000 


0.302 X10- 3 
0.348 
0.317 

0.311 
0.161 
0.158 

0.198 
0.382 
0.484 

0.318 
0.372 
0.327 

0.223 
0.319 
0.337 

0.248 
0.309 


B = 
15,000 


0.335 X10- 3 
0.372 
0.368 

0.362 
0.252 
0.201 

0.273 
0.388 
0 506 

0.321 
0.450 
0.370 

0.289 
0.377 
0.406 

0.328 
0.417 


Ratio 


1.11 

1.07 

1.16 

1.17 
1.56 
1.27 

1.38 
1 02 
1.33 

1.01 

1.21 

1.13 

1.30 

1.18 

1.21 

1.22 

1.35 


my calculations of ij. Here we find the ratio of hysteresis 
losses for commercial grades of steel to be less than unity, or 
in other words, flux passes through hard material before going 
through paths of less reluctance. These ratios quite disagree 
with our present conceptions and are entirely contrary to our 
wide experience with these materials. 

By adding results of samples having the highest permea- 
bility as given in the paper and plotting maximum permeability 

*“The Iron-Cobalt Alloy Fe 2 CO and its Magnetic Properties.” T. D. 
Yensen. G. E. Rev. Vol. XVIII, 1915. pp. 881-887. 
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against y we .find a curve showing low permeability for high 
hysteresis, which has often been observed. However, by plotting 
maximum permeability against the ratio of t?’s we see the greater 
maximum permeability the more unusual this ratio. These 
curves are shown in Fig. 1. 

Analyses of Permeability Results. One of our strongest 
methods of attack for certain problems is by use of the re¬ 
luctivity curve which is the reciprocal of the permeability 
plotted against H. From maximum permeability this ap¬ 
proximates a straight line as has been pointed out upon several 
occasions.* 

A typical reluctivity curve is show r n in Fig. 2. 

The reluctivity, p, is given by the equation p = a + a H 


TABLE III * 


Specimen 

Max. 

permea¬ 

bility 

Hysteresis 

9 

B = 
10,000 

B = 
15,000 

! 

B- 

10,000 

B = 
15,000 

} 

| Ratio 

Pure Iron (Vac.).. . 

22,800 

820 

1700 

0.326 X10- 3 

0.354 X10" 3 

1.09 

Fe 2 Co. (Vac.).. ... 

13,200 

1460 

3200 

0.582 

0.666 

1 . !4 j 

Com. Grades. 







Trans. Steel. 

3,850 

3320 

5910 

1.32 

1.23 

0.93 

4% Si Steel. 

3,400 

2260 

3030 

0.900 

0.631 

! 0.70 ' 

Swedish Iron. 

4,850 

2490 

4530 

0.992 

0.944 

j 0.95 ; 

Pure Iron (Vac.)... 

24,300 

686 

1655 

0.273 

0.345 

! 1.26 

Fea Co. (Vac.). 

8,800 

2230 

4400 

0.888 

0.916 

1.03 

A. I. E. E. Paper. 







0.015%Si (Vac.). .. 

66,500 

286 

916 

0.114 

0.191 

1.67 

3.40% Si (Vac).... 

’ 

63,300 

280 

1025 

0.112 

0.213 

1.90 


♦From General Electric Review, August 1915, p. 884. 


wherein a is a constant representing the distance from the 
X axis to the intercept of p — if curve if continued along the 
straight line, and <r a constant representing the slope of the 
line. The constant a has also been named the coefficient of 
magnetic saturation because its reciprocal gives the value of 
absolute saturation of metallic induction. . 

In Fig. 2 we have two straight lines, the break _ is at about 
jcj — 80. There may be more than one change in the slope 

*“ Magnetic Reluctance.” A. E. Kennelly, Trans. A.I.E.E., Vol. VIII, 

1891, pp. 485-517. , 

<■ On the Law of Hysteresis.” C. P. Steinmetz, Trans. A. I. E.E.,Vol. 


IX, 1892. pp. 625 et seq. 

“ Reluctivity of Silicon Steel”, 


J. D. Ball, G. E. Rev., Vol., XVI, 


1913. pp. 750-754. 
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of a complete curve, depending upon tin- lahcrunchy of the 
material Examining the curve we note that imm maximum 
permeability to about II - SO most of the t ux enters a part 
of the material bavin* an ultunate saturation ot / - 1 < ,000, 

then as this saturates the additional flux passes thrnu*h mu- 
lerial whose ultimate saturation is m the neipfhhurlmod ot 
B = 20,000. Tests made at very Imfii magnet mala >ns by use 



Fig. 1- and /x-R atio tj Ourvks from Ri m ^ jam*a in 

<7, E, Review 



of the isthmus method,* cheek ultimate saturation values a% 
found by of the p curve taken at moderate held sttvu^lhs, 

To find the slope of the p - II curve, it is of course best to haw 

♦See “ Electrical Properties of Iron ami its Alloys, in Intense Fields,'* 
Sir Robt, Had field and Prof. B. Ilopkinson, Jonrn, I, K. K.» Not, 
LVf, 1911, pp. 235-300, etc. 
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several points, but as in Mr. Yensen’s paper we have per¬ 
meability results at only two points. I have analyzed the 
reluctivity curves and found ultimate saturation values from 
the values given at maximum permeability and B = 10,000. 
This method is not ideal but should give good average results. 
For comparison I have taken some regular material and analyzed 

TABLE IV. 


ANALYSES OF COMMERCIAL STEELS. 



At Maximum Permeability. 

At £ = 10,000 

Sample 

P 

B 

H 

P 

P 

H 

P 

1 

5880 

4000 ' 

0.68 

1.70 X10“ 4 

3830 

2.61 

2.61X 10- 4 

2 

0020 

5000 

0.83 

1.66 

3760 

2.66 

2.66 

3 

5810 

5000 

0.86 

1.72 

3660 

2.73 

2.73 

4 

5100 

5000 

0.98 

1.96 

2950 

3.39 

3.39 

5 

5440 

5000 

0.92 

1.84 

3270 

3.06 

3.06 

50 

5000 

5000 

1.00 

2.00 

2600 

3.85 

3.85 

08 

4720 

5000 

1.06 

2.12 

2790 

3.58 

3.58 

1901 

5040 

6000 

1.19 

1.98 

3450 

2.90 

2.^0 

Av. of 22 

0000 

6000 

1.00 

1.67 

3850 

2.60 

2.60 

0079 

5080 

5000 

0.93 

1.86 

3200 

3.12 

3.12 

2070 

5170 

(5000 

1.16 

1.93 

3560 

2.81 

2.81 

1078 

5010 

(5000 

1.06 

1.78 

3700 

2.70 1 

2.70 

11 12 

5280 

8000 

1.53 

1.91 

4200 

2.38 

2.38 

0724 

0020 

5000 

0.83 

1.66 

3950 

2.53 

2.53 

1002 

5550 

(5000 

1.08 

1,80 

4020 

2.49 

2.49 

1002 

5040 

6000 

1.19 

1.98 

3510 

2.85 

2.85 

0081 

5200 

5000 

0.95 

1.90 

3390 

2.95 

2.95 

2770 

4050 

6000 

1.29 

2.15 

3530 

2.83 

2.83 

1002 

3140 

6000 

1.19 

3.19 

2325 

4.30 

4.30 

Hunk* 

2050 

5300 

2.0 

3.78 

1820 

5.5 

5.5 

wtgt 

Luinlt 
Fkm § 

8340 

6200 

0.74 

1.20 

3920 

2.58 

2.58 

1070 

3330 

8350 

5.0 

5.99 

1470 

6.8 

6.8 

6670 

2.0 

3.0 

2380 

4.2 

4.2 

, 

♦Siinkpy* 

tt transformer steel, Morris and Langford, Lond. Elect. Vol. 67, page 

776. 

\ Tent m\ 
fSilkon i 
§Sankey 

Hted taken from commercial transformer, 
lied, Lond. Elect. Vol. 00, page 530. 

in,,!, J. A. Fleming, Proc. Royal Soc. Vol. 60, page 1806. 



it by using these two points. Table IV shows the per T 
mealnlily B, II and p for these two points. The first group 
f nine samples is for high silicon steel containing from 3.5 
t < > 4 iK*r cent silicon. The first eight lines are individual samples 

and the • W’ is an average of 22 samples taken from material 

carefully tested during the last year or so. The next group 
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of eight samples is of medium silicon steel containing about 
2| per cent Si. The next two samples are for carbon iron. 
The last four samples are from published results. If time had 
permitted I should have included more of these but have taken 
the first four which happened to be at hand. 

The analyses to find a, a and ultimate saturation are given 
in Table V. Doubtless the p curve bends beyond B = 10,000 
and approaches a saturation value of about B = 22,000. 


TABLE V. 

ANALYSES OP COMMERCIAL STEELS. 



The method of making these analyses is comparatively 
simple. The differences of the reluctivity values, for two 
points divided by the difference of the value of H , gives us <r, 
the slope of the line. The indicated saturation is the reciprocal 
of cr. The slope, <r, times H at any point subtracted from p 
at that point gives us the intercept a . , 

Table VI gives jjl , H and p results for Mr. Yensen s rods 
ann ealed at 1100 deg. cent. Table VII gives the analyses. 
Here we find according to these tests, for a short time at least, 
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flux is going through material having an ultimate saturation 
of from 15,800 (which is consistent), to an ultimate saturation 
value of B = 140,000, which is over six times any value ever 
before obtained. The amount of variations between samples 
is also unusual. The values of a also show unusual variations, 
but this latter may be correct. 


TABLE VI. 

RODS ANNEALED AT 1100 DEG CENT. 


Sample 

At Maximum Permeability. 

At B « 10,000 


B 

H 

p 

P 

H 

P 


3-54 

3-55 

1 3Sil6 

22,800 

25,800 

29,000 

8,000 

9,000 

9,000 

0.351 

0.349 

0.310 

0.439 X 10~ 4 
0.388 

0.345 

21,300 

25,600 

28,670 

0.409 

0.391 

0.349 

0.469 X lO-* 
0.391 

0.349 

3Si21 

3Sil5 

3Si05 

27,000 

36,800 

44,200 

10,000 

9,000 

9,000 

0.370 

0.244 

0.204 

0.370 

0.272 

0.226 

27,000 

36,300 

43,50$ 

0.370 

0.275 

0.230 

0.37 

0.275 

0.23 

35122 
3Si06 

35123 

45,250 

66,500 

30,200 

9,000 

6,500 

9,000 

0.199 

0.0978 

0.298 

0.221 

0.150 

0.331 

43.500 
41,700 

29.500 

0.230 

0.240 

0.339 

0.23 

0.21 

0.339 

35107 

35108 

35109 

36.500 

44.500 
22..500 

7,500 

9,000 

9,000 

0.205 

0.202 

0.400 

0.274 

0.225 

0.445 

33,000 

43,500 

22,000 

0.303 

0.230 

0.455 

0.303 

0.230 

0.455 

35110 

35111 

35112 

31,150 

25,000 

28,000 

6,200 

9,000 

7,000 

0.199 

0.360 

0.250 

0.321 

0.400 

0.357 

25,000 

25,000 

24,500 

0.400 

0.400 

0.408 

0.40 

0.40 

0.408 

35113 

35114 
3Si31 

20,350 

30,800 

30,150 

8,000 

9.500 

6.500 

0.393 

0.308 

0.215 

0.491 

0.325 

0.332 

19,600 

30,300 

24,700 

0.510 

0.330 

0.405 

0.510 

0.33 

0.405 

3Sil8 

3Si27 

3Si25 

33,000 

46,800 

63,300 

7,000 

9.500 

6.500 

0.212 

0.203 

0.1026 

0.303 

0.214 

0.158 

26,300 

46,000 

46,500 

0.380 

0.217 

0.215 

0.380 

0.217 

0.215 

35136 

35137 
3Si28 

36,000 

25,700 

30,200 

7,500 

6,000 

3,000 

0.208 

0.233 

0.099 

0.278 

0.389 

0.331 

29,500 

15,400 

15,900 

0.339 

0.649 

0.629 

0.339 

0.649 

0.629 

3Si29 

12,200 

5,000 

0.410 

0.S20 

7,040 

1.420 

1.42 


T vTTT and IX give similar analyses for rods annealed 

at 900 del cent Here^ again we have remarkable saturate 

Va These e analvses would indicate that there may be something 
JSfsomewhere and ^oubtedly a *S 
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14! 

ha 


ccn 

not 


standard of the American Sonet v tor le *m> _ h< ’ 
accuracy for permeability ot ordinary iita,cm-.t»..e 
accepted, hut at these high value-; 1 am mem;..! :■ 
its reliability. There is a considerable amount ... m m , and 
energy supplied to the system in the -‘'.railed J • . mmmm 
coils of which no account is taken in she u* i Vv hen the on 
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A# 

*» 3)1 

Sample 

A p 

fa ti 

... m n 

ftii 

| 

s 


o.uaox u* 4 

IU!H 

0 201 x 10 *\ 

o incx 

3 5ft 

0.003 

0 012 

0 0711 

0 0270 

asiir. 

0.000 

0 030 

0 OHIO j 

0 O2.0ft 

asiir* 

0 003 

0 031 

0 000? I 

0 0200 

OSiOft 

0,001 

0 020 

0 1ft! 

0 0304 

3Si22 

0,000 

0 031 

: 0,200 

O.OO00 

aston 

0,00 

0 112 

0 034 

0 1 ft 2 

3Si23 

0 00H 

0 Oil 

o to 

jtl 004* 

3Si«7 

0.0211 

o mm 

0.2110 

0 000? 

38iG8 

0,00ft 

0 02H 

0 171* 

0,11411 

mm 

0 010 

0 OAft 

0 IH2 

0 002H 

mm 

0 070 

0 201 1 

0 31*3 

0 I ft? 

38il2 

0 Oft! 

0 IftH 

0 323 

HI 132 

mm 

0 010 

0 117 

0 UI2 

0 1*03 

3Siil 

o mm 

0,022 

0 227 

0 0720 

min 

0 073 

0. 100 

0 304 

0 Ift ft 

mm 

0 077 

0 I0K 

0 4ftS 

o m 

as*27 

0 003 

0 OH 

0 214 

0 040ft 

3Si»ft 

0 0ft7 

0,112 

o tm 

0 too 

3S»3« 

o mu 

0 131 

0 400 

0 IftH 

mm 

o an 

0.410 

0 024 

0 40ft 

mm 

o aim 

0 f*30 

0 f*03 

0 3ft 1 

mm 

on 

1 010 

o roil 

0 HI4 


t»-1 


IM- 1 


0 

X In- 

1 ■ 31M00 

0 

3»H 

| IMJHfll 

0 

370 

17 2, ft**! 


240 

103.300 


10 4 

: 033100 


103 

| 31,.*4MI 


000 

1 ft, HI HI 


27ft 

} A7,Will 


713 



1 HO 

| ftl.JIW! 


3 



H* 21J 

»! ;*?r* 

M %'li 
II 2 ft? 
II 2ft»i 

| ii /tm 

HI I 71 

| it |»irt 

| 

] it i»l 

*i JU 

j« 7?A 
j li ftffi 


7Moo 

a I mm 

«>i ,«*» 
H.rUii 
vn.tfito 

2 |, lifts I 
in ?«* 

I n ,»i«f 

If .MM! 


mcability is very large the energy supplied by thc\r mil*- nmv 
he sufficient to affect results, This would mean that any 
error would lie in the direction which would show high per¬ 
meability and too low hysteresis loss. 

Of course, we must appreciate the tact that tin* aiialyMs 
for ultimate saturation is not entirely dependable It near 
points were available, or if the points given were furl her apart, 
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TABLE VIII. 


RODS ANNEALED AT 900 DEG. CENT. 



At Maximum Permeability. 

At B = 10,000. 

Sample - 









P 

B 

H 

P 

' 1 

H ! 

P ■ 

3-54 

23,100 

8,500 

0.368 

0.433 X10' 4 

21,800 

) 

0.459 1 

0.459 X 10- 4 

3-55 

22,500 

11,000 

0.489 

0.445 

21,300 

0.469 j 

0.469 

3Sil6 

25,000 

10,000 

0.400 

0.400 

25,000 

0.400 

0.400 

3Sil5 

22,800 

10,000 

0.439 

0.439 

21,700(? 

0.461 

0.461 

3Si05 

37,500 

9,000 

0.240 

0.267 

36,300 

0.275 

0.275 j 

3Si06 

47,000 

8,000 

0.170 

0.213 

42,500 

0 235 

0.235 j 

1 

3Sil7 

30,000 

6,000 

0.200 

0.333 

26,300 

0.3S0 

0.380 | 

3Sil0 

14,000 

7,000 

0.500 

0.712 

12,700 

0.7SS 

0.78S 

3Sil4 

13,500 ! 

9,000 

0.667 

0.740 

13,300 

j 0.752 

0.752 

3Si31 

18,000 

7,000 

0.389 

0.556 

15,900 

0.629 

0.629 

3Sil8 

14,300 

8,000 

0.559 

0.700 

14,100 

0.709 

0.709 

3Si27 

16,800 

6,000 

0.357 

0.595 

13,300 

0.752 

0.752 

3Si25 

20,000 

6,000 

0.333 

0.500 

15,900 

0.629 

0.629 

3Si36 

14,000 

4,500 

0.321 

0.714 

8,850 

1.130 

! 1.13 

3Si37 

12,750 

4,500 

0.353 

0.784 

7,500 

1.330 

1.33 

3Si28 

16,100 

4,800 

0.298 

0.621 

10,100 

0.991 

0.991 

3Si29 

9,100 

4,500 

0.495 

1.098 

j 5,330 

1.875 

1. S i o 


TABLE IX. 


Sample 

A p 

ah 

A JL=o 

A H 

a H io 

Pm — 0 Hio 
= tx 

3-54 

3-55 

3SU6 

0.026X10- 4 

0.091 

0.286 X 10~ 4 

0.131X10- 4 

0.32SX 10- 4 

3Sil5 

35105 

35106 

0.008 

0.022 

0.035 

0.065 

0.229 

0.339 

0.0629 

0.0796 

0.212 

0.155 

3Sil7 
3Sil0 1 
3Sil4 

0.047 

0.076 

0.012 

0.180 

0.288 

0.085 

0.261 

0.264 

0.141 

0.0992 

0.208 

0.102 

0.281 

0.580 

0.650 

3Si31 

3Sil8 

3Si27 

0.073 

0.009 

0.157 

0.240 

0.150 

0.395 

0.304 

0.600 

0.397 

0.191 

0.04254 

0.288 

0 438 

0.666 

0.464 

3Si25 

35136 

35137 

0.129 

0.416 

0.546 

0.296 

0.809 

0.977 

0.436 

0.514 

0.559 

0.274 

0.581 

0.744 

0.355 

0.549 

0.586 

35128 

35129 

0.370 

0.777 

0.693 

1.380 

0.534 

0.563 

0.529 

1.055 

0.462 

0.820 


Ind. 

Sat. 


35,000 


43,700 

29,500 

38,300 

37.900 
70.800 

32.900 
167,000 

25,100 

22.900 
19,500 

17.900 

18,700 

17,800 
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we would have more reliable and in this case doubtless more 
consistent results. At the point of maximum permeability, 
or minimum reluctivity, the slope of the p — H curve is 0 and 
the indicated saturation is os. As the second. point taken 
approaches the maximum permeability we are likely to lead 
into errors. In many of Mr. Yensen’s results, the induction 
at which maximum permeability occurs, is closer to B — 10,000 
than would entirely warrant the point at B — 10,000. as a 
second point to determine the line if others were available. 
In order to examine this feature I plotted B at maximum p 
against indicated saturation. Fig. 3 shows the points and 
we see a tendency to higher indicated saturation values as 
the points are closer together. However, at B = 8000 we get 
saturation of 167,000 and at B — 9500 nothing over 47,000. 


4,000 5.000 6.000 '7,000 8,000 9,000 10.000 

jS i*Tl MAXIMUM/* 

Fig. 3—Indicated Saturation Curve 


At B = 9000 we get from 34,000 to 140,000 and our values for 
regular materials are consistent. Therefore we can see the 
analysis is reasonably correct at the points taken. I am giving 
these figures for what they are worth. In all probability the 
correct view to assume is that the permeability values are 
actually neither as inconsistent as my figures show nor as 
good as Mr. Yensen obtains from his test. 

It vrould be interesting to see if these analyses show any 
dependence between maximum p and indicated saturation. 
We know for ordinary- materials there is none. For steel 
alloys we have a nearly constant value of ultimate saturation. 
We may approach this value quickly (for instance, by r adding 
titanium) or very slowly as in the case of some tungsten-steel 
alloys. The maximum permeability varies accordingly. In 
the present case the plot of indicated saturation and maximum 
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permeability as given on Fig. 4 shows no interdependence, 
which is as would be expected. 

We have sometimes found materials which were apparently 
exceptionally good, to age very rapidly, and I should like to 
ask Mr. Yensen if he has made tests of this character on this 
material. 

It is a well-known fact that rods show better magnetic prop¬ 
erties than sheet steel. I would therefore like to. ask if there 
are any results on this material in sheet form as it is mostly used 
in the industries. 

I do not wish to fail in pointing out that these results .are 
very good and that the paper is very valuable. The points 
which I have given are not to show that the investigation is 
not excellent, but that the magnitudes of the magnetic im¬ 
provement as given by the test results are too high. 



0 10 000 20.000 30.000 40.000 50.000 60.000 70.000 

MAXIMUM jx 

F IG . 4—Indicated Saturation Curve 

In checking hysteresis by the Burrows method, you drop 
from one ccipeisating point to another and von go to !« 
maximum B and then you 8° d ?” n ““ Som a n induction of 
Yensen, in compensating, w e . predetermined position 

10,000 to say, 8000, if he drops he Compensates for 

on the normai induction cu It nec essarily cannot 

the difference in the change f - test sample and the 
follow the same path, Eoiii having different per- 

auxiliary errors of that 

meability, cannot. I ask 11 ' mlleamie Mr. Ruder, one 

kind. Mr. Yensen lo ^XS sent ttthe Standardization 
of these samples, and one w . tested. We tested 

: ^a y de W a e San M g r e by taving the compensated coils next 
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to the sainj)li‘. We tested i: in that ^ manner. In ^his ease 
the error due t* » flu.* compem aw*d mil; was h* . Thu fest- 
indicated that flu* results Mr. Yensen obtaim**! ami thu;-e we 
obtained were practically identical, one is 71THMI and tin* other 
is 08,000, and when you talk of permeubilitirx ot that magne 
tude we appreciate that a little matter of 2000 or dtJfJtf ^dom 
not amount to anything, I hat dues not jwove tlu* mafeita! v> 
that good, but pnne • it on tin* order of magnitudes indicated 

by these tests. , . 

Thomas Spooner: Mr. Burrows, according to Ins original 
article* suggests that the eompeusating winding be placed 
approximately half way from the miter to the yoke, Judging 
from Mr, YensenT diagram, lie has his emu pen ating winding 
out pretty near to the yoke. It *-eems to me that^placing tin* 
eompensat,ing winding so tar out would lend to increase * he 
eompensat ing current in certain coils and consequently w»mid 
decrease t lie 'main magnetizing eurrent. t 1 do not know whet her 
that accounts for the high permeabilities obtained bv Mr. 
Yenaen or not, I oi'ter it as a suggestion. 

Morgan Brooks: It is my understanding that l lie St tan 
met/, law whieh ealls for a coefficient of TU i - an empirical 
formula, derived from si*eei metis of iron examined at the time 
the formula was developed and for tret jyeneies within the 
nmge of commercial practise. I think it w quite po -if h; that 
Steitunet/’s formula sinoil* 1 not be held to apply to any of this 
material of Mr. YensrnY. which is far out Tie of unv roue 
mereial iron whieh was available at the time that Steinum / 
developed his formula. 

M. G* Lloyd: In looking over this paper, a doubt arose m 
my mind as to the particular injures found. I do not. think, 
however, that is a very important point, a - there serin to la* 
no doubt that, the material has eharaeteristie: at least in the 
direction of the results found, whether the particular numerical 
values are accurate or not. That is the principal matter of 
interest in connection with these alloys# 1 felt that too much 
dependence was naturally pul upon the exact numerical values, 
and I must say that Mr. Balls analysis has confirmed that 
in my mind to some extent, in spite ul what 1 ha if, Brooks has 
said/ I think it should be remembered in this conned ton that 
the Burrows method of testing* which has been used here, ix 
most suitable to material of low permeability am! least suited 
to material of exceptionally high permeability* such as is in¬ 
volved in these measurements. The errors would naturally 
be larger in the eases here under consideration# It must be 
remembered that tlu*. computed errors which have been mere* 
tinned by Mr. Yensen apply to a condition in which certain 
assumptions are required, and there is no assurance whatever 
that these assumptions are fulfilled in the parte ular rases. 
If they are not. fulfilled tin* computed correction for errors of 
course does not hold. 1 doubt very much whether the ussump* 
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tions made for determining that correction are actually ful¬ 
filled, and they would probably be least completely fulfilled 
in material such as is considered in the paper, that is, material 
which departs so very widely from the material used in the 
yoke, for instance. I consequently feel that too much de¬ 
pendence should not be put upon the numerical values obtained. 

In regard to the industrial application of the vacuum in 
treating the material, it seems to me that this vacuum treat¬ 
ment is especially necessary when treating the very pure elec¬ 
trolytic iron, and that the importance of the vacuum treat¬ 
ment would not be nearly so great in ordinary commercial 
material. Such material already has impurities in it, and 
would not be affected in the same way, so that the applica¬ 
tion of vacuum would not be of industrial importance, unless 
the electrolytic iron were also to be used industrially. 

While the percentage of silicon seems to have a considerable 
effect upon the magnetic induction and permeability found in 
particular values of the magnetizing field, it seems that with 
respect to hysteresis there is not very' much dependence on 
the amount of silicon present in the alloy; in other words, it is 
the treatment of the material rather than the silicon content 
that has the greatest effect on hysteresis. That means ot 
course, from the industrial standpoint, that percentage will be 
selected that is most easily handled mechanically, and most 


easily manufactured. . , . , 

In comparing these silicon steels with the commercial ma¬ 
terial Mr. Yensen found they were about, eight times as good, 
as regards hysteresis at a flux density, of 10,000 gausses. It 
seems to me that is not comparing it with the best, commercial 
material I referred back to some figures I obtained five or 
six vears ago, and instead of being eight times as good, I found 
iJ would oily be five times as good as some of the commercial 
material I tested at that time. I have not made any recent 
tests to find out how much the material has been lmproie , 
as used commercially since that time, but certainly it ought 
not to be any worse than it was then, so that e propor 1 

definitely values are much higher 
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something mill'll I>e said also* that is, there mav ho eh;n act er¬ 
istics in the material that do not loud it to unite die aw 
analysis you would give to tin* ordinary sampas 

The most interesting point to me is tin* **tr e<wered In Mr* 
Wooldridge, and that is t he < jucsiion of what become-; of material 
like this when it is rolled into sheet. The fart has already 
been noted and referred to that von ean pel much, hi her re 
suits in the rod and in the ingot than vnuysm after if has been 
put into sheet, which is tin* form in which vou^nre mos* in¬ 
terested in the material, and I hope that iTog 'f e ;:; rn ran. tit 
some way cover that point. Depending ‘*n the iv,,n!m obtained 
by such'tests, will eon e the usefulness *r nomusefuhu^ of 
the material in practical work, The eddv hose . in the mu 
terials, as not being a direct function of the resistivif v, 1 have 
referred to many times before. I would like to ser ade¬ 

quate expanation offered of why, in ^materials which have the 
same thickness, the same characteristics, and mao be in an 
apparatus of the same design, etc,, there i. a cose discrepancy 
between the eddy losses and the resisti\it v. \\ hf.m we have 
such great discrepancies right ah>m» a line where we ter! w* 
huve correct formulas and are practically familiar web the 
results, and when it does nut check up bet ha' than 2 to ! ami 
we know of no adequate explanation we ean offer, I flunk we 
are in no position to be very critical on results obtained on 
absolutely new material. 

N. W. Storer: 1 Is»pe that Mr Yen mb work will result 
in far-reaching changes in our apparent -not that we are 
anxious to change it but if we ran make melt miprovTiucum 
as are foresltadowed by these tests, is will pay u very vn\ 
richly to do it., The great question is whether e will be com- 
mereial, and while, of etmrse, we cannot hope mm to reach 
such high permeabilities as In* has spoken of* 1 would be so 
(led to get double the permeability of the present steel 
especially if it can he obtained at Ingh densities. |t would 
make a very substantial improvement and pom reduction 
in the weight of much of our apparatus. We are looking for 
just such things. If we could only find :.iuir one win* will 
increase the conductivity of copper in the ana- imin, slunk 
where we would land. ICvervihim* would be revolutionized 
The place that interests me most in the permeabthty curve is 
along the higher induction:; and 1 would like to inquire, par 
tioularly, as to the possibilities of improvement there Thai 
is where it will affect the output, of motors and generator', to 
the greatest extent. 

J. D. Ball; The analysis Huude was intended primurilv for 
the purpose, not of showing it was absolutely correct, but to 
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point out the fact that a great deal of investigation has been 
done along the lines of this analysis, which has applied to our 
known materials, and therefore if this analysis is not correct I v 
applied to this other material, it is necessary and interesting 
from the standpoint of a physicist to know ’it. 1 do not as¬ 
sume the analysis is absolutely correct, for this material It 
simply means one of two things—either the tests given are 
not correct according to the analysis or the analysis is wrong. 
We know the analysis is right for all material we have known 
up to date. It is very interesting to know if this analysis 
should not apply for this new material. 

C. W. Burrows and R. L. Sanford (by letter): Mr. Yemen has 
pointed out the very marked influence of strain on values 
obtained in magnetic measurements. Similar strain effects 
have also been noticed both bv us in our work, and also by 


other investigators. This strain effect seems to be accentuated 
in the high permeability material. He also points out the 
possibility that the correction to be added to the observed value 
of magnetizing force due to the current in the compensating 
coils of the Burrows permeameter should be greater than the 
calculated value. This point is well taken. The magnetizing 


force which the compensating current exerts is not constant 
throughout the space enclosed by the center test coil but it 
is a minimum at the center of the coils and greatest .where 
the end turns are located. Consequently the calculation of 
the force at the center must necessarily give a value which is 
too low. The original description of this method was written 
at a time when permeabilities of 20,000 were unknown and 
it was supposed that this correction would not have to . be 
applied. When correction must be made for the magnetizing 
effect of these end coils, the exact correction factor must be 
obtained experimentally, by measuring the .magnetizing flux 
in the center test coil due to a given current m the compensat¬ 
ing coils. Experimental values have been obtained in coils ot 
approximately the same constants as those used by Mr. J ensen 
and the results show that the correction should be greater than 
that indicated by the calculations though not so much greater 
as would seem to be indicated in the paper. This mat be 
attributed to the fact that the assumptions made m the cal¬ 
culations are not fully met, and also to the effect of the yoke- 
In the case of coils 30 cm. long, the correction as calculated 
was 0.093 times, the current m the_compensating c<n , hi 
the experimental value was approximate!} O il ° r e coi 
alone and 0.14 with the yokes m place but without test sp 


m 'One point that has very great influence on the acuirac^ 

of magnetic measurenaents on str^ght bars h ^ All 

?rSn methodsfor 

assume uniformity along the length of the specime 


2660 


VACUUM IRON ALLOYS 


[Oct. 20 


assumption is not met, errors are introduced which are im¬ 
possible to calculate or eliminate and may be of considerable 
magnitude. It is therefore important that bars which are to 
be used as standards for the comparison of different methods 
or whose properties it is desired to measure with great accuracy 
should first be examined for magnetic uniformity. 

Uniformity measurements are made at the Bureau of Stand¬ 
ards by observing the distribution of magnetic leakage along 
the length of a specimen when it is magnetized between the 
poles of a suitable electromagnet. A double test coil, the two 
halves of which are wound oppositely and at a fixed distance 


apart, is slipped over the bar. 
When this is connected to a 
ballistic galvanometer and the 
magnetizing current is re¬ 
versed, the galvanometer de¬ 
flection is proportional to 
the difference in flux between 
the points under the two 
halves of the test coil, or 
what is the same thing, to 
the magnetic leakage over 
that region. Readings are 
taken with the coil in differ¬ 
ent positions along the length 
of the bar and the results 
plotted as in Fig. 5. Experi¬ 
ment has shown that if the 
bar is magnetically uniform 
the leakage, except for points 
near the ends, will be repre¬ 
sented by a straight line with 
a certain slope, depending on 
the hardness of the material, 
passing through zero at the 
middle point of the bar. 
Plotting the slope of this line, 
which is the leakage per cm., 
gives for a uniform bar a 



DISTANCE FROM CENTER OF BAR 


Fig. 5—Distribution of Magnetic 
Leakage per cm. for Four Bars 

The first is uniform; No. 194 has a soft spot 
near the middle. 3 Si 05 is very far from uni¬ 
form and 3 Si 22 has soft spots near the ends. 


straight line parallel to the axis except very near the ends, 
where, the leakage is affected by the pole of the electromagnet. 
This is shown in the first curve. If there are magnetically 
hard or soft spots in the bar they will be indicated by devia¬ 
tions from a straight line. An increase in the leakage per cm. 
indicates that the test coil is approaching a hard spot, while 
the approaching of a soft spot is indicated by a decrease in 
leakage. 


An example of the location of such a magnetic non-uniformity 
is shown by the second curve in Fig. 5, and its effect on the 
normal induction measurements is given in Fig. 6. The ex- 
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animation for uniformity shows a soft spot near the middle 
of the bar. This bar is about 35 cm. long. When it was 
measured in coils 20 cm. long and with the test coil over the 
middle region of the bar, the curve obtained was the one 
marked Region A. When the bar was moved over so that one 
end was flush with the yokes the -curve marked Region B was 
obtained. The per cent difference in magnetizing force re¬ 
quired to produce the same induction reaches a value in this, 
case as high as 15 per cent. A detailed description of this 
method of examination for magnetic uniformity and the effect 
of non-uniformities on magnetic measurements is to be the 
subject of a paper by one of the writers. 

Mr. Yensen has very kindly 
loaned to the writers two of his 
iron-silicon bars and they have 
been examined for uniformity 
with the results indicated in 
Fig. 5. The bars were marked 
3Si05 and 3Si22. In the figure, 
uniformity curves are given for 
a uniform bar, for bar No. 194, 
the results for which are shown 
in Fig. 6, and for the two bars 
3Si05 and 3Si22. It is readily 
apparent that 3Si05 is very 
non-uniform. Bar 3Si22 is not 
so bad but still is far from 
uniform. In order to gain an 
idea of the effect of these 
non-uniformities, measurements 
were made in coils 20 cm. long 
so that the test coils could en¬ 
circle different regions of the 
bars. These regions are indi¬ 
cated in the figure. The results obtained are given in the 
following table. 



Fig. 6—Showing the Effect 
of Magnetic Non-Uniformity 
in Normal Induction Measure¬ 
ments. 

The test coil was over the legions A and 
B as indicated for Bar No. 194 in Fig. 5. 
There is a magnetically soft spot in region A 


Sample 

H. for B = 

10,000. 

Pei cent 
difference in H. 

Position A. 

Position B. 

194 

5.47 

6.28 

15. 

3Si05 

0.32 

0.38 

17. 

3Si22 

0.37 

0.34 

8. 


It will be seen that the values are in agreement-with what 
is indicated in Fig. 5. For No. 194 in position A the test coil ' 
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is over a soft spot and consequently in this position a higher 
permeability is shown. For 3Si05, position A is over a soft 
region and position B over a harder region and the indication 
is for a higher permeability at A than at B. In 3Si22 the 
conditions are reversed as there is a soft spot at B and con¬ 
sequently a higher measured -permeability. 

These results are to be expected from a consideration of 
the fact that these hard spots and soft spots with the resulting 
leakage will cause consequent poles which in general cannot 
be neutralized by compensation. These poles exert magnet¬ 
izing forces on the specimen, varying according to the nature, 
position and extent of the non-uniformities, which can neither 
be calculated nor eliminated. It would not be surprising 
therefore to obtain with such bars different values, even when 
measured by the same method, if the constants of the apparatus, 
especially the location and extent of the test coils, are different. 

T. D. Yensen: In the first place, Mr. Spooner asked re¬ 
garding the possible connection between magnetic permeability 
and large crystals. I do. not think from the results we have 
obtained that we can say that there is any such connection. 
I would like to call your attention to the photomicrographs. 
You will notice in Fig. 18c, the photomicrograph of pure iron 
exhibits very fine crystals after the 1100 deg. cent, annealing. 
The crystals from the previous annealing have been broken 
up into comparatively very fine crystals. You will also notice 
that this is the case with all the low silicon alloys, containing 
less than 1 per cent silicon. Passing on to Figs. 23 and 26, 
representing the 3.4 percent alloy, it is seen that this alloy 
has very large crystals, but it has nevertheless nearly as high 
a minimum permeability as any of the alloys. .Figs. 27c and 
-28c, representing the highest silicon alloys, exhibit crystals 
that are just as large, if not larger than the crystals shown 
in Fig. 23, but the magnetic permeability is very much lower 
than the permeability of the alloy represented by Fig. 23. 
Summarizing this, we find that of the two alloys having the 
highest permeability, containing 0.15 and 3.4 per cent silicon, 
respectively, one of them has very fine crystals (the low silicon 
alloy), while the other has very large crystals (the 3.5 per 
cent alloy). Thus, as far as this research shows, there is no 
connection between the crystal size and the magnetic per¬ 
meability. This same statement might also be made regarding 
hysteresis. 

In view of the unprecedented results obtained with regard 
to the magnetic properties of the alloys described in the paper, 
it was deemed desirable to test a few alloys in the form of rings. 
As the ring method is the old established method of magnetic 
testing, and as this method required no compensating or other 
auxiliary windings to cause uncertainties, the evidence obtained 
with such test pieces would naturally be more convincing than 
results obtained by any other method. On the other hand, 
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it has.been shown by Richter 1 and Lloyd 2 that the magnetic 
induction in a ring specimen is not uniformly distributed, but 
that it is crowded towards the inside of the ring. The varia¬ 
tion is greatest near the steepest part of the magnetization 
curve, where the maximum permeability occurs, and may here 
amount to as much as 100 percent for high permeability ma¬ 
terial. Consequently it is impossible, with ring specimens, to 
measure the maximum permeability, and this should be borne 
in mind when comparing the results obtained by the two methods. 

The dimensions of the rings used are shown in Fig. 7. 

With these dimensions the true magnetizing force, as shown 
by Lloyd and Richter, is 


= L0009 To* 

Where = mean radius = 2.0 cm. 

N = total number of turns =100 
I = magnetizing current in amperes 

Hence by using H 0 = 107, the error intro¬ 
duced is less than 0.1 per cent. 

The secondary winding consisted of 100 
turns of No. 30 B. & S. wire wound next to 
the ring and connected directly to the Grassot 
fluxmeter. With this arrangement 

A B = 400 D 

where A B — change of average flux density in ring in gausses 
D = deflection of fluxmeter. 

Three rings were prepared, all containing approximately 3 
per cent silicon. From No. 3Si39, one ring was machined 
directly out of the ingot as it came from the melting furnace, 
while another was made from the remainder of the ingot after 
forging it. The latter was imperfect, however, and was dis¬ 
carded. The third ring was made from No. 3Si40 after forg¬ 
ing the ingot, and the remainder of the latter was then forged 
into a rod to be tested by the Burrows method. 

The specimens were first tested in the original state, un¬ 
annealed. The windings were then removed and the rings and 
the rod placed in the annealing furnace and annealed in vacuo, 
the rod occupying the space along the axis of the tube. The 
maximum temperature to which the rod was subjected was 1100 
deg. cent., but the rings were heated to a somewhat higher 
temperature as they occupied a space nearer the heating ele¬ 
ment, their axes coinciding with that of the rod. The speci- 

1. Electrotech. Zeitschr. 24, p. 710; 1903. 

2. Bull. Bureau of Standards, Vol. 5, No. 3, Reprint No. 108, 1909. 



Specimen 
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mens were cooled at the standard rate, namely 30 deg. cent 
per hour. ' 

The results are shown in Table X. In this table are included 
the results for rod No. 3Si25 from the main part of the in- 
vestigation. 

With regard to permeability the results show that in the 
unannealed state the two methods of testing agree very well. 
In the annealed state, however, the maximum permeability 
obtained for No. 3Si40 by the Burrows method is twice that 
obtained by the ring method. The latter method, however, 
as has been stated above, does not measure the maximum per¬ 
meability, on account of the non-uniformity of the flux dis¬ 
tribution, and in view of the results shown in Table VI, it is 
probable that the Burrows method gives too high a maximum 
permeability. Making allowance for possible differences due 
to material and heat treatment as well as mechanical treat¬ 
ment, it seems probable from these results that the true maxi¬ 
mum permeability is in the neighborhood of 50,000. That 
the permeability for B = 15,000 is so low for the ring speci¬ 
mens may be partly due to the fact that the rings were an¬ 
nealed at a higher temperature than was the rod. It was 
shown in Figs. 14 and 15 of the paper, that with a silicon 
content of 3 per cent for H — 20 the flux density, after 
annealing at 900 deg. was 16,000, while after annealing at 
1100 deg. it was only 15,600. A corresponding decrease in 
this region may consequently be expected also for higher an¬ 
nealing temperatures. This point is further borne out by the 
results obtained with the ring made from the ingot 3Si39 with¬ 
out forging. This ring may be considered as having been an¬ 
nealed at the melting point of the alloy. Its permeability 
at B = 15,000 is only 583 as compared with 962 for the ring 
made from 3Si40 after forging. 

Turning now to the hysteresis loss it is found that in the 
unannealed state the loss in ring No. 3Si40 is less than half 
the loss in the rod. As the two methods are known to be 
equally reliable in this case the difference must be attributed 
to the fact that the rod was forged much more than was the 
ring. That this is the cause becomes evident from the result 
obtained for ring No. 3Si39 that was not forged at all, as this 
shows a decidedly lower hysteresis loss even than ring No. 
3Si40. After annealing, the loss for B = 10,000 is shown to 
be less for the rod than for the ring, while for B = 15,000 the 
reverse is the case. The coercive force for B = 15,000 is 60 
per cent larger for the rod than for the ring, while the reten- 
tivity is also lower for the ring. 

These results seems to point towards the following conclu¬ 
sions: For such high quality material as that described in 
this paper the Burrows method gives too high maximum per¬ 
meability and too high retentivity. For low densities the 
hysteresis loss obtained is low, while for medium and high 
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densities the coercive force and consequently also the hysteresis 
loss is too high. 

While these rings were prepared for the purpose of verifying 
the results given in the main part of the paper, the results" can 
not be dismissed without calling especial attention to the 
results obtained with the ring made from the ingot No. 3Si39 
without forging. Unannealed this ring has a retentivity of 
only 1000 and. the hysteresis loss for B = 15,000 is only 1130 
ergs, per cu. cm. per cycle, not much above the value found 
for the best rod after annealing at 1100 deg. cent. After an¬ 
nealing the ring at 1100 deg. the hysteresis loss for B = 15,000 
drops to 577 ergs. This value is less than \ of the correspond¬ 
ing value for the commercial 4 per cent silicon steel. 

With regard to the hysteresis loss, Mr. Ball bases his con¬ 
clusions on the assumption that the Steinmetz law, h = r/B 1 - 6 
holds for any iron alloy under any condition. That this as¬ 
sumption is not warranted even for some of the ordinary iron 
alloys is admitted to some extent by Mr. Ball hims elf, and is 
also shown by data recently obtained by various investigators. 
Paglianti,* for instance, has shown that for commercial silicon 
steel the hysteresis coefficient, ij, may vary as much as fifty 
per cent for the same material for different values of B, on the 
assumption that the exponent for B is 1.6. Consequently, 

I do not see how any conclusion based upon the above formula 
can lay claim to absolute reliability. However, judging from 
the results of the comparative tests, as given above for ring 
and rod specimens, it is safe to say that the hysteresis losses 
for the vacuum alloys as given in the paper are too high for 
Bmax 15,000 but too low for B max = 10,000. By making 
such corrections the values for the hysteresis losses will be 
found to follow. Steinmetz’s law more closely than indicated 
by the results given in the paper. 

Regarding Mr. Ball’s analysis by the reluctivity method, I 
wish to say that he has chosen a rather unfortunate part of 
the magnetization curve upon which to base his calculations. 
In the first place, the densities given in the tables for maximum 
permeability were not intended for use in accurate calculations, 
but rather to show the approximate location of the maximum 
permeability points. In the second place, Mr. Ball makes use 
of this maximum permeability point and of the data for B 
equals 10,000 only, in spite of the fact that these two points 
m most cases lie very close together. Consequently, any 
error in these two points is greatly magnified in the final values 
obtained by Mr. Ball for indicated saturation. Finally, Mr. 
Ball completely ingores the statement, repeatedly made in my 
paper, that in all probability the maximum permeabilities given 
m the paper are somewhat exaggerated, as corrections have 
been made according to theoretical calculations only. It was 
stated that experimental evidence s eemed to indicate that 

♦Metallurgie, Vol. 9, p. 225, 1912. 
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errors as high as 20 per cent may have been caused by the com¬ 
pensating current of the permeameter. It would have been 
far better if Mr. Ball had chosen values from Figs. 14 and 15 
upon which to base his calculations. In these figures cor¬ 
responding values of B and H can readily be read off for H 
equals 0.3, 0.5, etc., up to H equals 200, furnishing a great deal 
of data that could have been used for the reluctivity calcula¬ 
tions. If Mr. Ball had made use of these data he would, no 
doubt, have arrived at more consistent results. 

In reply to Mr. Ball’s question regarding aging, I may 
say that at ordinary temperatures no aging has been observed. 
Higher temperatures have not been tried. 

No tests have as yet been made by us with the vacuum 
alloys in the form of sheets, but such tests are contemplated 
in the near future. 

John D. Ball (by letter): In Mr. Yensen’s closing discussion 
I note in his explanation he says that the values of the in¬ 
ductions at which the maximum permeability values occur are 
only supposed to be approximate and do not represent actual 
values. In this case, as the point of maximum permeability 
is close to B = 10,000, undoubtedly the analysis for ultimate 
saturation value which I made is not to be depended upon to 
too great an extent. The analyses for hysteresis, however, 
are definite. Taking the last results which Mr. Yensen has 
written and calculating the values of rj , and taking the ratios 
of losses at B = 15,000 divided by B = 10,000, we find results 
as follows: 



Hysteresis 

I 

B = 10,000 

B = 15,000 

B = 10,000 

B = 15.000 

Ratio 

• Unannealed 






Ring Ingot. 

955 

1130 

0.3SX10- 3 

0.235X10- 3 

0.62 

Ring Forged. 

1305 

1540 

0.52 

0.320 

0.615 

Rod Forged.. 

3130 

4450 

1.248 

0.927 

0.745 

Annealed. 






Ringlngot. 

340 

577 

0.1353 

0.120 

0.89 

RingForged. 

337 

757 

0.1342 

0.153 

1.17 

Rod Forged. 

254 

926 

0.1010 

0.193 

1.91 


For the unannealed iron we find that the hysteresis loss 
increases slower than given by the 1.6 law, whereas in all other 
investigations tests have shown that the loss apparently in¬ 
creases faster. 

The results for the annealed rod are unusually high, as I pointed 
out in my discussion. The results obtained on the annealed 
ring from the forging are entirely consistent with our experience 
with other materials. It would be interesting indeed to find 
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an explanation for these unusual low increases of hysteresis 
losses at B = 15,000. 

T. D. Yensen (by letter): Regarding the values given for 
the commercial silicon steel to which Mr. Ball did not agree 
I should like to add that these values were obtained about 
two years ago by means of. our original permeameter in connec¬ 
tion with a ballistic galvanometer, before the Grassot flux- 
meter was adopted. It was thought that the measurements 
thus made were sufficiently accurate for material of compara¬ 
tively low permeability. On account of Mr. Ball’s remarks 
however, it was considered desirable to repeat these tests on 
the original rods with the fluxmeter. The results thus obtained 
are shown in Fig. 8. From this figure it is seen that the 



Fig. 8—Comparison between Vacuum Iron and Commercial 
Steel, both Containing between 3 Per Cent and 4 Per Cent Silicon. 
Thoroughly Annealed. Vacuum Iron—Ring Specimen from Alloy 
No. 3 Si 40 Containing 3 Per Cent Si. 


Hysteresis Loss for Bmax = 10,000; ergs per cu. cm. per 
“ Bmax = 15,000; u “ 1 

Exponent, x\nH — 9 B x . 

Coefficient, y, in H = *)B X . 

Spec. Elec.Resistance, microhms. 


Vacuum 

Com¬ 

mercial 

Iron 

Steel 

356 

2160 

709 

4290 

1.68 

1.69 

0.0000682 

0.000376 

44.75 

50.8 


hysteresis loss for the commercial silicon steel for B max = 
15,000 is considerably higher than shown in Fig. 16 of the paper 
and the values for B max = 10,000 and 15,000 follow the Steinmetz 
law very closely, thus agreeing with Mr. Ball’s experience 
regarding commercial silicon steel. 

The results obtained by Dr. Burrows and Mr. Sanford are 
of great interest as they have a direct bearing upon the results 
given m the paper. They find that the corrections for such 
no ^ ave use d> as determined experimentally, should 

be 0.14 times the compensating current with the yokes in place 
but without test specimens. .1 take this to mean that the 
correction to be added to H tl expressed in gilberts per cm., 
should be 0.14 times the value of the compensating current 
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expressed in amperes. If this assumption is correct the correc¬ 
tion to be applied in the case the compensating current is 30 
times the main magnetizing current should be 4.2 per cent. 
Mr. W. A. Gatward and myself have recently made tests, similar 



Fig. 9a—Alloy No. 3 Si 40, Rod Specimen. Annealed at 1100 Deg. 
Cent. Tested by Burrows Method. Corrections Made According 
to Experimental Results. 


Hysteresis Loss for Bmax = 10,000; ergs per cu. cm. per —. 360 

“ “ Bmax = 15,000; “ “ “ . 880 


to the above, with our apparatus, and these indicate that the 
correction should be 0.55 times the value of the compensating 
current, or four times the value given by Dr. Burrows and 
Mr. Sanford. For a ratio of 30 the correction, according to our 


PERMEABILITY 

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 



above 1100 Deg. Cent. Tested by Ring Method. No Corrections 

Made. 


Hysteresis Loss for Bmax — 10,000; ers per cu. cm. per ~. 356 

“ “ Bmax = 15,000; “ “ “ . 709 


tests, should be 16.5 per cent, agreeing fairly well with the 
results given in Section I of the-paper under “Magnetic Test¬ 
ing,” arrived at by a different method. By making this correc¬ 
tion for rod No. 3Si40, containing about 3 per cent silicon, 
the revised hysteresis loop is as shown in Fig. 9 a. 
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Attention should be called to the extreme difficulty of getting 
exact values for the nearly vertical parts of these curves. This 
refers particularly to the hysteresis loops, and liberal allow¬ 
ance should be made for this in making comparative calcula¬ 
tions. However, a comparison between the results obtained 
by the B throws method, as shown in Pig. 9a, and those recently 
obtained by the ring method, as shown in Pig. 9b, brings out 
very clearly that the Burrows method, even after makin g the 
above corrections for the compensating currents according to 
the experimental results, gives too high residual magnetism, 
and—for high inductions—too high coercive force. The result 
is that the hysteresis loss for B max = 15,000, as measured by 
the Burrows method, is likewise too high. It thus appears 
that, until it has been definitely determined how to make 
corrections in testing high permeability material by the Burrows 
method, it is safer to base the final conclusions upon results 
obtained by means of the ring method. 

. , In Fig- 8, therefore, a comparison is'made between the vacuum 
silicon-iron and the commercial silicon steel, based upon the 
results obtained by the ring method in the case of the vacuum 
iron. The results for the commercial steel were obtained by 
means of the Burrows method, as it- has been shown that this 
method is perfectly reliable for ordinary material. Pig. 8 then 
should give as true an exhibit of the actual difference'between 
the vacuum product and the commercial steel as it is possible 
to obtain at the present time with the present means at our 
disposal. From the results there shown it is found that the 
hysteresis loss for the vacuum iron is only | of that for the 
commercial steel both for high and for low densities. The 
hysteresis exponent, as calculated from these values, is 1.68 
for the vacuum iron and 1.69 for the steel, an unexpectedly 
close agreement. 

Tests are at present being made on the vacunm-silicon-iron 
in the form of sheets of varying thickness, the specimens being 
in the form of rings made up of a number of punchings. It 
is hoped that the results of these tests will be available in a 
short time. 



Presented at the 3142ft Meeting of the American 
Institute of Electrical Engineers, St. Louis , Mo., 
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THE EFFECT OF DISPLACED MAGNETIC PULSATIONS 
ON THE HYSTERESIS LOSS OF SHEET STEEL 


BY L. W. CHUBB AND THOMAS SPOONER 


Abstract of Paper 

Most modern revolving electrical apparatus has teeth on 
the rotor or stator, or both, which are subjected to constantly 
varying reluctance. This variation of reluctance causes high- 
frequency changes of flux superimposed on the working flux. 
The result is a series of displaced hysteresis loops. ^ This in¬ 
vestigation was undertaken to determine the magnitude and, 
if possible, some of the law's governing the change in hysteresis 
loss due to displacing a loop from its symmetrical position. 

An account is given of some early tests which, within the 
limits of induction studied, resulted in certain definite con¬ 
clusions. „ ■ 

It is pointed out that the data from these displaced hysteresis 
loops limit the applicability of the Steinmetz hysteresis formula 
to symmetrical loops. 

Recent tests are then described, giving the details ot a new 
apparatus for obtaining hysteresis loops and showing an im¬ 
proved method of making displaced a-c. watt-loss tests. 

Numerous loops and curves are included, showing the effect 
of displacement on the shape and area of the hysteresis loop. 

No definite laws could be formulated from the data, but some 
general conclusions are given. 


Introduction 

I N THE early work of Steinmetz the following law for the 
relation between magnetic induction and hysteresis loss 
was given: 



where Wk = hysteresis loss 
Tj — a constant 
B = amplitude of induction. 

This law is reasonably accurate for ordinary ranges of in¬ 
duction and for hysteresis loops which are symmetrical. It 
has been found, however, by several investigators* that if a 
hysteresis loop is displaced from its normal symmetrical position, 
*F. Holme, Zeitschrift des Vereins Deutscher Ingenieur , Oct. 1912. 
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there will result not only a change of shape but of area as well. 
Such an effect occurs in most modern rotating electrical ap¬ 
paratus. The rotor and stator teeth are subjected to a con¬ 
stantly varying reluctance which produces a high-frequency 
change of flux superimposed on the working flux. The high- 
frequency pulsations produce hysteresis losses which we believe 
cannot be accurately calculated from a knowledge of the 
ordinary symmetrical-loss characteristics of the steel. 

The present investigation was undertaken to determine the 
magnitude of this effect, and, if impossible, some of the laws 
governing it. 

Early Tests 

Our first attempts were made in June, 1911. The following 
method of attack was used. Two laminated sheet-steel-ring 
samples were prepared, one of open-hearth steel and the other 



of silicon steel. These samples were each wound with four 
uniformly distributed coils of wire, which were connected as 
in Fig. 1. 

A d-c. magnetizing force was supplied to the d-c. winding 
through a high reactance in order to limit the a-c. current in 
the d-c. circuit. An a-c. wattmeter was placed in the d-c* 
circuit to measure the small apiount of a-c. power that was lost 
in this circuit, and corrections made accordingly. The amount 
of displacement of the hysteresis loop was measured by revers¬ 
ing the d-c. supply and noting the deflection of a ballistic gal¬ 
vanometer. The amplitude of pulsation of the a-c. flux was 
determined by means of an a-c. voltmeter, assuming the volt¬ 
age to have a sine wave form-factor (1.11). This assumption 
was correct within 2 per cent except at the highest inductions. 
The total a-c. loss was measured by means of a precision watt¬ 
meter of the Kelvin type. 
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The curve of Fig. 2 gives some of the results of these tests. 
Also curves were plotted between different cyclic inductions 
and loss for two different mean displacements ( i.e . 2000 and 
5000 gausses). The Steinmetz exponent was determined by. 
plotting the logarithm of induction against the logarithm of 
the loss. These latter curves are not shown as they are not 
as reliable as some more recent data shown below. Some 
ballistic loops were taken at this time and Fig. 3 illustrates a 
specimen which shows the increase of area with displacement 
from the symmetrical position. 



Fig. 2—Relation between Displacement Factor and Displace¬ 
ment for Open-Hearth and Silicon Sheet Steel Rings for a Pulsa¬ 
ting Induction of 2500 Gausses. 


At that time we called the ratio of the area of a displaced 
loop to the area of the symmetrical loop of equal amplitude 
the displacement factor. Various steel samples were from time 
to time tested for displacement factor to find out whether or not 
the material was suitable for specific applications. The routine 
tests at a mean displacement of 10 kilogausses and total pulsa¬ 
tion of 2.5 kilogausses, and the previous investigation work, 
enabled us to draw the following general conclusions, within 
the limits of induction used: 

(a) With a given pulsation the hysteresis loss increases very 
considerably with the displacement. 
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(b) Silicon steel has a higher percentage increase of hysteresis 
loss with a given displacement of the loops than open-hearth 
or soft steel. 

, (c) The Steinmetz exponent for the relation between pulsa¬ 

tion and hysteresis loss decreases as the displacement increases. 

Recent Tests 

Recently, with superior testing methods, additional data 
have been obtained on this subject. 



Fig. 3—Ballistic Loops on Silicon Sheet Steel Rings, showing 
the Change of Shape and Area Due to Displacement. The A-C. 
Tests on these same Rings are shown by Fig. 2. 

test methods 

Volt-Second Meter Method. About two years ago, one of 
the authors devised an apparatus for obtaining magnetization 
curves and hysteresis loops on completed electrical apparatus> 
particularly transformers. 

The change of flux in a magnetic core surrounded by a wind¬ 
ing is equal to 

K J e dt 

where K — constant 

e = voltage induced in winding 

If a meter which will integrate the induced voltage is con¬ 
nected to a transformer winding, its reading will be proportional 
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to the change of flux in the core. The method consists in 
passing direct current from a storage battery through the 
primary winding of a transformer and connecting to the second¬ 
ary an integrating voltmeter or volt-second-meter which when 
properly adjusted makes one revolution for each change of one 
kilogauss in the magnetic induction of the transformer core. 
The procedure for testing consists in varying the impressed 
voltage and, at the end of each revolution of the volt-second- 
meter, reading the ammeter in the primary circuit. From this 
ammeter reading the value of H may be calculated. This 





gives the data for a magnetization curve or hysteresis loop, 
depending on the conditions. 

A diagram of connections of this apparatus is shown in Fig. 4 
and the apparatus is illustrated in Fig. 5. The primary of the 
transformer to be tested is connected to terminals P and the 
secondary to 5. Bi is the source of d-c. supply^ V.S.M .is 
the volt-second-meter and R\ is a resistance in series with it. 
B 2 is a dry cell which supplies sufficient current to the volt- 
second-meter through the high resistances R% and Rz to com¬ 
pensate for friction when switch 5 is down. When switch 5 
is up the volt-second-meter may be backed up to its zero 
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point. Switch 1 reverses the ammeter A, switch 2 reverses 
the volt-second-meter, switch 3 gives P 6 a potentiometer con¬ 
nection and makes P 7 a series resistance or the opposite, de¬ 
pending on its position. This is for convenience in testing dif¬ 
ferent sizes of transformers as, P 6 and R 7 have resistances of 
5 to 1 and sometimes one connection is more desirable than 
the other. Switch 4 reverses the main battery current. S.G. 
is a safety gap to limit the rise in voltage in case the primary 
circuit is accidentally opened. 

In order to calibrate the volt-second-meter, terminals P. 
and S are connected together and a voltmeter is connected 
across S. Pi is made some convenient value and the voltage 
is adjusted by P 6 and P 7 to give approximately 20 revolutions 
per minute of the volt-second-meter. The time for 10 revolu¬ 
tions (or more if desired) is then recorded by a stop watch and 
the voltage noted. The constant of the apparatus is then 
determined from the formula: 

r _ 10 P T 
° E T 

where P T = total resistance of circuit inside of term¬ 
inal 5 
E = voltage 
T = time in seconds 
Next Pi is to be adjusted as follows: 

P T ' = A NC 10- 5 

where P T = total resistance of circuit including trans¬ 
former winding, V.S.M. resistance, etc. 

Pi = Rj' — all other resistance of circuit. 

A = cross section of transformer core in sq. cm. 

N = secondary turns of transformer. 

With this adjustment, a change of induction of one kilogauss 
in the transformer core w T ill cause the volt-second-meter to 
make one revolution. 

To obtain a hysteresis loop the procedure is as follows: Set 
the primary current to some convenient value by means of the 
rheostats P 6 and P 7 , back up the volt-second-meter to zero by 
throwing switch 5 up, reverse the primary current by means 
of switch 4 and note the total revolutions of the volt-second- 
meter. If this is not the value required, change the current, 
set the volt-second-meter to zero, reverse the volt-second- 
meter connections by means of switch 2, reverse switch 4 and 
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again note the total revolutions of the volt-second-meter. Re¬ 
peat until the transformer is brought to the proper induction. 
When the current has been reversed a sufficient number of 
times to insure a cyclic condition for the core, the applied voltage 
is decreased to zero by the rheostats R$ and Ri at any rate 
desired, readings of the ammeter A being taken at each revolu¬ 
tion (or fraction thereof) of the volt-second-meter. Switch 4 
is then reversed and the applied voltage gradually increased 
to its original value, at the same time taking readings of the 
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Fig. 6 


ammeter as the volt-second-meter revolves. Swdtch 1 is, of 
course, to be reversed when the current passes through zero. 
With this apparatus, after the current has been adjusted to the 
proper value, it is possible to obtain the data for a complete 
loop in less than one minute. 

As a check on the apparatus, loops were taken on a 250 kv-a., 
30,000-volt transformer, both by the volt-second-meter method 
and by an independent null method, using a long-period bal¬ 
listic galvanometer and mutual inductance. The two loops 
are shown in Fig. 6. The maximum magnetizing forces are 
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slightly different due to small errors in determining the con¬ 
stants for one or both methods, but the areas of the two loops 
check within a small fraction of one percent. 

A-C. Test Method. After obtaining considerable data with 
the volt-second-meter apparatus, a few 60-cycle tests were 
made on open-hearth and silicon-sheet-steel rings by methods 
superior to those used in the early tests. 

A synchronous rectifier and d-c. voltmeter were used to 
determine the average value of the voltage and hence the maxi¬ 
mum value of the flux. The rectifier could be adjusted to cut 
off at the zero points of the voltage wave, although the two 
zero points were not 180 degrees apart. This was necessary, 
as even harmonics were introduced into the voltage wave due 



to the unsymmetrical current passing through a certain un- 
a\ oidable amount of inductance. The d-c. component of mag¬ 
netizing force w r as introduced by inserting storage cells in series 
with the a-c. generator. The amount of displacement of 
the hysteresis loop was determined by a null method. To do 
this, the direct current was reversed and the mean change in flux 
was measured with a long-period ballistic galvanometer and 
variable mutual inductance. The secondary of the mutual 
inductance and the exploring coil on the ring were in series 
opposing. The primary of the inductance and the d-c. supply 
for the ring were reversed simultaneously and the mutual in¬ 
ductance adjusted for a balance. A diagram of connections is 
shown m Fig. 7. In the figure the galvanometer is supposed 
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to represent the mutual inductance and other apparatus to 
measure the displacement of the hysteresis loop. 


DATA 

The volt-second-meter tests were made on a 3333-kv-a. 
110,000 to 15,240-volt transformer. The core was of silicon 
steel. The data were obtained by first putting the transformer 
through the major hysteresis loop (which had a tip correspond¬ 
ing to that of the desired displaced loop) a sufficient number 
of times to insure a cyclic condition of the iron and then putting 
the core through the minor or displaced loop. 

Figs. 8 to 23 inclusive show these loops plotted in various 
ways. The titles are self-explanatory. Table I shows the 
areas of these loops. 

TABLE I—SUMMARY OF AREAS. 

Scale of Curves: Ordinates: 1" = 2 Kilogausses 
Abscissae: 1" = 1 Gaus; 

(The illustrations are reproduced to 1/3 of this scale.) 

Displacement—Kilogausses 


Minor 

0 

2000 

4000 

6000 

8000 

10,000 

12,00 

kilogausses 











Area squ 

are inches 




1,000 

0.29 

0.30 

0.35 

0.43 

0.52 

0.70 

1.00 

2,000 

0.94f 

1.18f 

1.03 

1.25. 

1.55 

2.10 


3,000 

1.71 

1.83 

2.01 

2.39 

3.00 

3.58 


4,000 

2.81 

2.86 

3.17 

3.50 

4.10 



5,000 

3.96 

4.08 

4.35 

4.68 

5.70 



6,000 

5.48 

5.57 

5.87 

6.05 




7,000 

6.90* 

7.09 

7.44 

8,16 




8,000 

8.60 

8.92 

9.40 





9,000 

10.61* 

10.84 

10.90 





10,000 

12*. 96 

13.04 






11,000 

15.6* 

15.28 






12,000 

19.36 







13,000 

21.76 








* Interpolated values. 
fValues too high. 


Relative Area of Hysteresis Loops for Various Displacements and 
Pulsating Inductions (| Amplitude) Obtained with the Volt-Second- 
Meter Apparatus on a 3333-kv-a., Single-Phase, 50-Cycle, 110,000 to 
15,240-Volt Transformer. 


After the first minor loop was completed, the transformer 
core was put through the same minor nine times, keeping the 
maximum value of H and the amplitude of B constant. Com¬ 
plete readings were taken on the tenth minor loop. In general, 
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the area of the tenth minor loop was slightly decreased from 
that of the first minor. The mean displacement changed only 
slightly.. Fig. 24 shows an example. This is plotted on the 
assumption that the B displacement did not change at all. 

. curves of Fig. 25 show the relation between area (hystere¬ 
sis loss) and B (§. amplitude of pulsation) for various mean 
displacements. 

The curves of Fig. 26 show the relation between the logarithm 
of the area (hysteresis loss) and the logarithm of B (J ampli¬ 
tude of pulsation) of the minor loop for various displacements. 

Fig. 27 shows the relation between the area of the loops 



Fig. 8 

(hysteresis loss) and displacement for various values of B 
(2 amplitude of pulsation). 

Referring to the a-c. tests, the curves of Fig. 28 show the 
relation between displacement and 60-cycle displacement factor 
where B = 1000 (§ amplitude) and B = 2000 respectively for 
silicon and open-hearth sheet steel rings. 

Discussion 

The curves of Fig. 25 and Fig. 26 show that for each mean 
displacement the Steinmetz law expressing the relation between 
the induction and the hysteresis loss requires a different co- 
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efficient and a different exponent. The coefficient increases 
very greatly with the displacement. The exponent, for a 
time, decreases and then later, apparently, slightly increases 
with increasing displacement. The points are so few for the 
high displacements, however, that this latter assumption is 
not at all certain. This condition of decreasing exponent with 
increasing displacement was noted from the early a-c. tests. 

The curves of Fig. 27 indicate that at very high amplitude 



Fig. 13 


the hysteresis loss decreases slightly with the displacement 
Holme* shows this same thing from his a-c. tests. 

The curves of Fig. 28 for the a-c. tests show the interesting 
condition that at high displacements the loss increases less 
rapidly and in one case actually decreases. This effect would 
seem to be analogous to the decreased hysteresis loss at high 
inductions due to a rotating field and harmonizes somewhat 
*F. Holme, Zeitschrift. des Vereines Deutscher Ingenieur , Oct. 1912. 
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with the commonly accepted theory of hysteresis loss. It is, 
unfortunately, not known whether or not the volt-second-meter 
data would have checked with the a-c. data in this respect, 
as the former tests were not carried to sufficiently high dis¬ 
placements at these amplitudes. This point could not be checked 
later, as the transformer was no longer available. A similar 
effect is shown, however, in the case of the small displacement 
and the higher amplitudes. (See Fig. 27). 

These a-c. curves do not show as high displacement factors 
at the high inductions as have been found in other tests. How¬ 
ever, all known sources of error have been eliminated and we 



see no reason to believe that the data are not correct for these 
particular samples. In addition to the hysteresis loss, there is 
present in these a-c. tests a small amount of eddy-current loss. 
This was found by test to be so small that no account has been 
taken of it in calculating the data for the curves of Fig. 28. 

At the time the a-c. tests were made, oscillograms were 
taken. Due to lack of time, the data from these have not 
been included, but may be presented at a later date. 

An attempt was made some months ago to determine, if 
possible, a relation between permeability and hysteresis loss 
for various displacements. Samples of widely different per- 
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Fig. 18 
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Fig. 19 
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Fig. 23 
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meabilities were obtained for this purpose, the resulting data for 
four of which are shown in Table II. 

These data were obtained in an ordinary Epstein set with 



B {Vz AMPLITUDE 6F PULSATION) 

Fig. 25 

Epstein samples cut with the grain lengthwise of the strips. 
The samples were silicon steel. 

These data are not altogether consistent but there is a good 
indication that, with the high inductions, at least, the lower 
permeability steel gives the higher percentage increase of loss. 
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It should be noted that these displacement factors at B =15 
are higher than for the 60-cycle tests on the ring samples. 
This may be due to a variety of causes, such as frequency, 
direction of grain, phase displacements of wattmeter currents, 
and form factor, for which no corrections were made in these 
180-cycle tests. There is opportuntiy for considerable more 
investigation along this line, as the pulsation losses in electro¬ 
magnetic machines are of great importance in some cases and 
their reduction depends upon a knowledge of their variation 
with frequency, displacement, permeability, direction of grain, 
heat treatment, and possibly other factors. 

General Conclusions 

1. The hysteresis loss in sheet steel does not follow the Stein- 
metz law when the material is unsymmetrically magnetized, 
since both the coefficient and exponent of the familiar equation 

W = 7} are found to change with displacement. 

2. The coefficient of the Steinmetz equation is increased by 
displacement. 

3. The exponent of the Steinmetz equation is, in general, 
decreased with increase of displacement. 

4. The displacement factor for silicon steel is greater than 
for open-hearth steel at moderate displacements. 

5. The displacement factor for different samples varies 
greatly at the same values of pulsation and displacement, and 
the symmetrical loss alone is no indication of the displacement 
factor. 

6. There is evidence that the displacement factor is a function 
of the permeability, at least at high displacements. 

7. The great variations in the shape of the displacement- 
factor curves at and above saturation have made it impossible 
to derive satisfactory empirical equations from the data obtained. 

8. A quick and accurate method of obtaining the data for 
hysteresis loops through any sequence of flux variation has 
been developed. 

In closing, the writers wish to make acknowledgment of the 
valuable assistance rendered by Prof. L. D. Rowell and Mr. 
O. W. A. Oetting in obtaining some of the recent data for this 
investigation. : L 
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THE UNSYMMETRICAL HYSTERESIS LOOP 


BY JOHN D. BALL 


Abstract of Paper 

The paper gives results and analyses of tests to determine 
losses in hysteresis loops wherein the magnetism is carried 
through cycles in which limiting values of flux are different in 
amount or the mean values of flux differ from zero. 

Such variations of magnetism occur in inductor. generators, 
in teeth of induction machines and in materials magnetized 
from rectifier circuits, etc. 

The author finds that: 

1. The losses in unsymmetrical loops are greater than in 
symmetrical loops of the same difference of limiting values of 
flux. 

2. For loops of the same difference of limiting values of flux, 
the losses increase as a definite power of the mean flux density. 

3. The increased loss as a power of the mean density is the 
same for any range of loops or difference of limiting flux values. 

4. With any given value of mean density, the increased 
loss with increased range increases' as a definite power of the 
range, irrespective of the mean value of density selected. 

The-author covers these points in an equation to express the 
loss in any loop. The general equation is: 

h = -f- a B^y) B x 

wherein 'n and x are the constants of the Steinmetz law, a is a 
coefficient depending upon the material, and y a power of the 
mean density. The present tests satisfied the equation in the 
form: 

h = + a B m ™) B 


T HE ENERGY dissipated in magnetic materials as the result 
of hysteresis is a matter of considerable importance, as is 
evidenced by the many investigations that have been conducted 
to determine the laws and by the large amount of literature that 
has been published on the subject. 

Among the most important contributions are those covering 
‘ the investigations of Ewing, and the classic papers of Dr. 
G. P. Steinmetz which were presented to the A. I. E. E. in 1.892 
and 1893. In these papers the discovery of the well-known 1.6 
law was announced; this law expressing the hysteresis loss in 
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ergs per cm 3 as tj B 1 - 6 ., where B is the flux density in gausses, and 
T) a numerical coefficient depending upon the material. 1 

Since this law was discovered many new data have been ob¬ 
tained upon additional varieties of materials, and after being 
subjected to many kinds of heat treatments; tests have also 
been made at temperatures ranging from that of liquid air to 
those high temperatures where the materials become non¬ 
magnetic. 

While some misunderstandings have naturally arisen as to 
the interpretation of the law, and tests on hetrogeneous materials 
have indicated deviations therefrom, the additional evidence has 
served to strengthen the confidence in its correctness. 

Shortly after the announcement of the 1.6 law the statement 
was made that “ the energy dissipated by hysteresis depends 
only upon the difference of the limiting values of magnetic 
induction, between which the magnetic cycle is performed, but 
not upon their absolute values, so that the energy dissipated by 
hysteresis is the same as long as the amplitude of the magnetic 
cycle is the same.” This has been written as 

where B i and Bo are the values between which the magnetism 
varies. Tests were made which apparently justified, and sub¬ 
stantiated this statement, 2 and the results w^ere published. 

In these tests the range of flux values was comparatively 
small as compared with the range of values of the mean induc¬ 
tions, and the materials employed "were magnetically hard and 
characterized by high hysteresis loss. 

Since the publication of the results of these tests, engineering 
materials have been improved and new heat treatments have 
changed or modified the characteristics of the materials; also, 
testing instruments and methods have greatly advanced, thus 
permitting wider ranges of research and closer precision. Among 
the newer phenomena, it has been observed that w T hen materials 
are taken through unsymmetrical hysteresis cycles, there is, 
contrary to earlier writers, apparently more energy dissipated 
than when taken through the symmetrical loop of the same 
amplitude. By an unsymmetrical loop is meant the hysteresis 

1. “On the Law of Hysteresis,” C. P. Steinmetz, Trans. A. I. E. E. 
Vol. IX, 1892, pp. 3-51, pp. 621-729; Vol. XI, 1894, pp. 570-608. 

2. Trans. A. I. E. E , Vol. IX—1892, p. 633. 
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loop obtained when the magnetism is carried through a' cycle 
in which the limiting values of flux are different in amount, or, 
in other words, in which the mean value of the flux differs from 
zero. The recent statements, then, are to the effect that when 
-B 2 is different in amount from B i, the loss is greater than when 
B 2 = ~B X . 

Neglecting the test results, a study of the considerations in¬ 
volved leads to no logical conclusion that the unsymmetrical 
loop should have the same area as the symmetrical. If the 
maximum of the unsymmetrical loop lies on the normal induc¬ 
tion curve, the path from maximum to minimum induction is the 
same as that of the symmetrical loop of this maximum induction 
and is not governed by the range of the unsymmetrical loop. 
Returning from the minimum to the maximum induction, the 
path produces the exclusive features of the. unsymmetrical loop. 

Some investigations have been made and the results published 
by M. Rosenbaum 3 and Dr. F. Holm. 4 Both investigations 
led to the conclusion that the hysteresis loss is greater for the 
unsymmetrical loops than for the symmetrical loops of the 
same amplitude. 

The object of this paper is to give the results of the author’s 
investigations of unsymmetrical hysteresis loops. 

The tests led to these interesting deductions: 

1. The hysteresis loss in an unsymmetrical loop is greater 
than the loss in a symmetrical loop of the same difference of 
limiting values of flux. 

2. Within the limits of the tests, the losses of loops having 
the same difference of limiting values of flux were found to 
increase with a definite power of the average or mean flux density. 

3. The increased loss as a definite power of the mean flux density 
was found to be the same for any difference of limiting flux 
values or range of the loops. 

4. With any given value of mean density the increased loss 
with increased range was found to increase as a definite power 
of the range, irrespective of the mean value of density. 

The study of such loops is of importance in several respects, 
such as: 

A contribution to the better understanding of magnetic 
phenomena. 

In order to calculate correctly the loss to be expected 
where the magnetism so varies. 

3. Jour, I. E. Vol. 48, 1912, pp. 534-545. 

4. Zeit. des Ver. Deut. Ing., Vol. 56, 1912, pp. 1746-1751. 








2696 


BALL: HYSTERESIS 


[Oct. 20 


Such a variation of magnetism occurs in many places, such as 
in an inductor generator, etc. The same phenomena occur in 
the field cores of machines where the rate of flux change is so 
small that the loss is not a consideration. However, in these 
cases the shapes of the loops are of value in determining 
the regulation of machines in which the magnetic cycle of the 
field cores is a determining factor. In these cases the irregular 
changes of field current may produce innumerable hysteresis 
cycles, the loops of vrhich vary within the envelope, which is 
approximately the loop obtained between the limits of maximum 
field density and the residual flux from such a maximum (as¬ 
suming no reversal of current in the field). 

The unsymmetrical hysteresis loop is also in evidence in all 
material magnetized by current from a rectifier, etc.; in short, 
in all circuits where alternating current and direct current are 
superimposed. A specific case of interest is the well-known fact 
that core losses of certain machines have been found to exceed 
calculated values, unless percentages are added. The fact 
that high-frequency flux ripples in the teeth give a higher hys¬ 
teresis loss than the same flux change with zero as a mean 
value of induction, would in part account for this additional 
loss. This is especially noticable in the case of induction ma¬ 
chines. 

The materials tested were: 

1. High silicon steel (approx. 3.5 per cent Si.) 

2. Medium silicon steel (approx. 2.5 per cent Si.) 

3. “ Standard ” or low carbon steel. 

In the first series of tests the high silicon and medium silicon 
steels were tested between the following values of induction: 


TABLE I. 

RANGES OF TESTS, 1ST SERIES 


Max. B 

Min. B 

Mean B m 

+2,000 

-2000 

0 

+4,000 

0 

+2,000 

6,000 

+2000 

4,000 

8,000 

4000 

6,000 

10,000 

6000 

8,000 

12,000 

8000 

10,000 
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It will be noted that the change of flux in each case is 4000 
gausses, which for the symmetrical loop corresponds to the cycle 
of d= B (max.) — 2000. 

In the second series of tests the same values of mean density 
were used, but the ranges were extended to include not only 
+ 2000 to - 2000, or a total change of flux of 4000 gausses, 
but also ranges of 500, 1000 and 1500; that is to say, tests were 
made between the same values of induction as for the first series, 
and also between the following values: 

TABLE II. 

ADDITIONAL RA NGES OP TESTS, 2ND SERIES. 

+ 500 to - 500 + 1,000 to -1000 + 1,500 to - 1500 

+ 2,500 to+ 1500 + 3,000 to+1000 + 3,500 to + 500 

+ 4,500 to + 3500 + 5,000 to+3000 + 5,500 to+2500 

6,500 to + 5500 '+ 7,000 to+5000 + 7,500 to +4500 

+ 8,500 to +7500 + 9,000 to+7000 + 9 , 500 to+6500 

+ 10,500 to +9500 +11,000 to +9000 +11,500 to +8500 

These tests were made with medium silicon steel and with 
standard steel. 

The s am ples tested were built of ring punchings of the following 
dimensions: 

Outer diameter 24 cm. (9.45 in.) 

Inner diameter 16 cm. (6.3 in.) 

Mean length magnetic circuit 62.83 cm. (24.7 in.) 

Thickness of sheets 0.035 cm. (0.014 in.) 

Approximate weight of samples 2 kg. (4.4 lb.) 

Each sample was wound with two magnetizing windings and 
an exploring coil consisting of two unequal sections in series for 
high and low sensibility. The values of magnetizing current 
were obt ain ed by carefully calibrated ammeters and the flux 
changes were noted by means of a ballistic galvanometer. 

The testing involved some difficulties in manipulation be¬ 
cause of the requirement that the B limits must be fixed and the 
corresponding H values measured. This is the opposite 
from the ordinary procedure. Means for accomplishing the 
desired results were suggested and satisfactorily carried out by 
Mr. S. L. Gokhale, who made the tests. 

The normal magnetization or B-H curve was first determined. 
This curve is the locus of the peaks of the symmetrical, or 
regular hysteresis loops, and is also the locus of the upper peaks, 
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or maximum flux values of the unsymmetrical loops as they were 
taken. Currents were passed through the two magnetizing coils 
in such amounts that their sum when boosting would give the 
H necessary for the maximum B (found from the normal curve), 
and when opposed, would give the flux density which was the 
minimum desired. This was found by reversing the current in 
one winding and obtaining the value required for the desired 
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Fig. 1—Unsymmetrical Hysteresis Loop— B + 6000 to B + 
2000 to B + 6000 


High Silicon Steel. Area A A'BA = 1762.5 B H units. Area AA'CA 
units, of loss = 140 ergs per cm. per cycle. 


1783.3 B H 


flux change. Points between maximum and minimum were 
obtained by holding current in one winding and varying the 
current in the other by successive steps throughout a complete 
cycle and noting the corresponding flux changes. One difficulty 
that was noted was due to the fact that upon completing a cycle 
the loop did not close; that is, the final induction in the steel 
was less than the initial, which was to be expected. Several 
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successive reversals, or unsymmetrical cycles, failed to remedy 
the discrepancy, as the limiting values of B were shifted thereby. 
It was decided that the first loop determined was in each case 
the correct one to use. Two extreme methods of determining 
the area of this loop were employed; first, ignoring the upper 
part of the ascending path and estimating the path which would 
close the loop, that is, drawing the dotted line from B to A as 
shown in Fig. 1, which figure shows a typical loop, in which the 
above discrepancy -is most noticeable; second, completing the 
loop by drawing the vertical line C A . This was the method 
adopted. For the loop shown in the figure, the areas in B-H 
units are as follows: 

1st method, area = 1762.5 

2nd “ “ = 1782.3 

Difference 20. 

or a trifle over 1 per cent. This difference is practically 
negligible. 

The loops having been drawn and the areas integrated by the 
method outlined above, the hysteresis losses were calculated. 
For the first series of tests the results were as shown in Table III. 


table in. 

TOTAL FLUX DENSITY CHANGE = 4000 GAUSSES 
Corresponding to Symmetrical Loops B (max.) = 2000 



High silicon steel 

Medium silicon steel 

Mean B 

Hyst. ergs per cy. 

Ratio to 

Hyst. ergs per cy. 

Ratio to 


per cm 3 

sym. loop 

per cm 3 

sym. loop 

0 

110.7 

1.00 

201.0 

1.00 

2,000 

120.0 

1.08 

214.0 

1.06* 

4,000 

140.0 

1.26 

242.1 

1.20 

6,000 

175.3 

1.58 

295.5 

1.47 

8,000 

242.0 

2.18 

365.5 

1.77 

10,000 

353.2 

3.29 

392.5 

2.45 


Analysis of Results of First Tests 
Various curves were plotted and analyses made to determine 
the nature of the above mentioned increased losses. An effort 
to evaluate this increased loss as a function of the maximum 
or minimum density, gave no promise. It was found, however, 
that a variety of combinations gave smooth curves. Taking 
the log of mean density B m: and plotting it with the log of A loss 
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(which loss is the difference, between those of the unsymmetrical 
cycles and of the symmetrical cycles of the same amplitude), 
gives us a nearly straight line. In the case of the high silicon 
steel we find that plotting log B m and log (A loss — 4) gives more 
nearly a straight line, the slope of which is 2.3. Considering the 
slope of the first line to be the same, we may say that the loss 
• in the unsymmetrical cycle is the sum of the loss of the symmetri¬ 
cal cycle plus a coefficient, multiplied by the mean density 
raised to the 2.3 power, or as an equation for this particular 
case, the hysteresis 

V - t) B w + a BJ* (1) 

Solving for a, we obtain 0.00000013. The error of this equation 
at one point shows 10 per cent from the observed value, and 
for the other four points the error is small. 


TABLE IV. 

HIGH SILICON STEEL. 


Unsymmetrical Hysteresis Loops. Total Flux Density Change of B *» 4000. 


Mean 

B m 

Hyst. loss 
ergs per cm 3 

A 

loss 

Log. 
mean B 

Log. 

A loss 

Lo . 

(A loss —4) 

Hyst. by 
equa. 

Dif. in 
per cent 

10,000 

353.2 

242. 

4.000 

2.3S4 

2.377 

316. 

—10.5 

8,000 

242. 

131. 

3.903 

2.117 

2.104 - 

234. 

— 3.3 

6,000 

175.3 

65. 

3.778 

1.813 

1.785 

174.4 

+ 0.5 

4,000 

140. 

29.3 

3.602 

1.467 

1.403 

135.8 

— 2.8 

2,000 

120. 

9.3 

3.301 

0.969 

0.724 

116.8 

— 2.5 

0 

110.7 

0 . 







TABLE V 

MEDIUM SILICON STEEL 


Unsymmetrical Hysteresis Loops. Total Flux Density Change of B » 4000 


Mean 

Bm 

Hyst. loss 
ergs er cm 3 

A 

loss 

Log. 

mean B m 

Log. 

A loss 

Hyst. by 
equation 

DifL in 
per cent 

10,000 

492.5 

291.5 

4.000 

2.465 

501 

+ 1.6 

8,000 

365.5 

164.5 

3.903 

2.216 

381 

+ 4.1 

6.000 

295.5 

94.5 

3.778 

1,975 

294 

-0.5 

4,000 

242.1 

41.1 

3.602 

1.614 

238 

-1.7 

2,000 

214.0 

13. 

3.301 

1.114 

208 

-2.8 

0 

201.0 

0. 








1915 ] 


BALL: HYSTERESIS 


2701 


The various values for high silicon steel referred to above are 
tabulated in Table IV, the curves showing the relation of the 
log A loss and the log B m being shown in Fig. 2. 

A similar analysis of medium silicon steel gives a straight 
line when log B m is plotted against the log of the A loss. These 
tabulations are shown in Table V. We here find that the slope 
of the log curve for the power of B m to be 0.0000011. Sub- ' 
stituting these values in the equation we find calculated losses 
to give a maximum error of - 3.3 per cent. Assuming that the 
hysteresis loss is the same in unsymmetrical cycles as in the cor- 



Fig. 2—Unsymmetrical Hysteresis Loops—Log a Loss vs. Log 
B m Curve—First Series of Tests 

responding symmetrical, we have in this case a maximum error 
of 145 per cent. Assuming the power to be 2.3 (to agree with 
the high silicon steel), we find a = 0.00000019, or about 50 
per cent higher than for high silicon steel, which is on the same 
order of increase as is found for rj in the equation* of the 
symmetrical loops. Values obtained from using y = 2.3 and 
a = 0.00000019 gives us a maximum variation from test results 
of 4 per cent, as seen in the table. 

These results therefore indicate that the increase of hysteresis 
with the mean density is as a power of this density. Rosenbaum 
found for one case that the increased loss as a function of the 
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difference of maximum and minimum induction (which is the 
same in amount as B m ), was parabolic. The results of Dr. F. 
Holm, in his article previously referred to, are given in Table 
VI. In this case, the symmetrical loop for B (max.) is 1400. 
The log B m — log A loss curve is also shown in Fig. 2. 


TABLE VI 

UNSYMMETRICAL HYSTERESIS LOOPS 
Total Flux Density Change of B = 2800. 


(From results by Dr. Holm). 


Mean 

Hyst. loss 

A 

log 

Log 


ergs per cm. 3 

loss 


A loss 

14,000 

890 

685 

4.146 

2.836 

13,300 

700 

495 

4.124 

2.695 

12,100 

598 

393 

4.083 

2.594 

11,400 

495 

290 

4.057 

2.462 

10,400 

417 

212 

4.017 

2.326 

9,230 

399 

194 

3.965 

2.288 

7,430 

314 

109 

3.871 

2.037 

0 

205 

0 




The first five values lie on a line, the slope of which is 3.6; 
the last two values lie on a line whose slope is 2.7. The break 
between the lines is not accounted for and analysis of the results 
indicate many inconsistencies. 

Test Results of Second Series 
The first tests indicated that the increase of hysteresis loss 
in the unsymmetrical loop may follow a parabolic equation, the 
total amplitude of the loops being constant. It is therefore in¬ 
teresting to find whether this holds for sets of loops of various 
amplitudes, and it is also desirable to study the increase of hys¬ 
teresis loss with increase of amplitude of the loops from the 
same mean density value, when this value is other than zero. 
When the mean density is zero, the loops are symmetrical and 
the increased loss is covered by the Steinmetz law. For the 
second series the ranges of test values are given in Tables I and II. 
The method of test is the same as that used for the first series. 
The results of the tests are given in Table VII. 

Assuming the hysteresis loss of the unsymmetrical loops to 
be the same as that for the corresponding symmetrical loops, 
we are in error by the amounts given in Table VIII. A study 
of this table shows the interesting fact that for all ampli- 
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tudes of the loops , the increased loss with increased mean density 
is in approximately the same ratio. 


TABLE VII 

HYSTERESIS LOSS IN ERGS PER CM. 3 IN TJNSYMMETRICAL LOOPS CORRES¬ 
PONDING TO SYMMETRICAL LOOPS OF THE RANGES INDICATED 
Observed Values 


Bm 

Medium Silicon Steel Hysteresis Loss J 

Range 2000 

Range 1500 

Range 1000 

Range 500 

10,000 

492.5 

310 

154 

46.3 

8,000 

365.5 

229 

113 

33.0 

6,000 

295.5 

183 

92.4 

26.6 

4,000 

242.1 

153 

79.0 

22.6 

2,000 

214 

137 

70.2 

20.1 

0 

201.0 

127 1 

65.6 

18.7 



Standard Steel 


10,000 

451.0 

294.5 

159.5 

47.0 

8.000 

362.0 

242.0 

123.7 

35.4 

6,000 

300.5 

193.5 

98.5 

28.9 

4,000 

254.5 

158.6 

80.0 

22.9 

2,000 

227.8 

141 

71.1 

20.6 

0 

211.0 

128.1 

63.9 

18.3 


TABLE VIII 


ERRORS FROM TEST RESULTS OF TABLE VII, ASSUMING UNSYMMETRI- 
CAL CYCLES, HAVING SAME LOSS AS THE SYMMETRICAL CYCLES 



1 Medium Silicon Steel Percent Errors | 


Range 2000 

Range 1500 

Range 1000 

Range 500 

10,000 

+ 145 

+ 144 

+ 135 

+ 148 

8,000 

82 

80 

72 

76 

6,000 

47 

44 

41 

42 

4,000 

20 

20 

21 

21 

2,000 

6.5 

8 

7 

7.5 



Standard Steel 



10,000 

114 

130 

150 

159 

8,000 

71 

89 

93.5 

93 

6,000 

42 

51 

54 

58 

4,000 

21 

24 

26 

25 

2,000 

8 

10 

11 

13 

9 


To show all of the loops as they were drawn for analysis 
would unnecessarily burden this paper. A reasonable idea of 
their shapes and areas may be had, however, from condensing 
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taeioops; and plotting all of them of the same range on a sheet, 
W 1C or me< ^ lum silicon steel gives the loops shown in Figs. 3,4 ; 



Fig. 5—Group of Unsymmetrical Hysteresis Loops—Medium 
Silicon Steel 

Loops of amplitude B = ± 1000 with various values of B m . 



Fig. 6—Group of Unsymmetrical Hysteresis Loops— Medium 
Silicon Steel 

Loops of amplitude B = ± 500 with various values of B m . 


5 and 6. .For standard steel the loops are quite similar and need 
not be reproduced here. As a typical loop, Fig. 1 may be taken. 
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Analysis of Tests—Second Series 

In the analysis of these results two questions were considered, 
viz: 

1. The amount or nature of the increase in hysteresis loss with 
increase of mean density, for loops of constant amplitude. 

2. The amount or nature of the increase in hysteresis loss with 
increased amplitude at the same mean densities. 

Considering the first analysis, results from the first tests and 
the deduction of Rosenbaum are confirmed. The increase in 
loss of B m is practically parabolic, which fact we find by plotting 
the log of A losses and B m which are given in Table IX and 
plotted in Figs. 7 and 8. 


TABLE IX 

LOG OF RESULTS FROM TABLE VII. 


Medium Silicon Steel 




Range 2000 

Range 1500 

Range 1000 

Range 500 


Log 


Log 


Log 


Log 


Log 


A 

A 

A 

A 

A 

A 

A 

A 

B m 

loss 

loss 

loss 

loss 

loss 

loss 

loss 

loss 

10,000 

4.000 

291.5 

2.465 

183 

2.263 

88.4 

1.947 

27.6 

1.441 

8,000 

3.903 

164.5 

2.216 

102 

2.009 

47.4 

1.676 

14.3 

1.155 

6,000 

3.778 

94.5 

1.975 

56 

1.748 

26.8 

1.428 

7.9 

0.898 

4,000 

3.602 

41.1 

1.614 

26 

1.415 

13.4 

1.127 

3.9 

0.591 

2,000 

3.301 

13 

1.114 

10 

1.000 

4.6 

0.663 

1.4 

0.146 





Standard Steel 





10,000 


240.0 

2.380 

166.4 

2.221 

95.6 

1.981 

28.7 

1.458 

8,000 


151.0 

2.179 

113.9 

2.057 

5,9.8 

1.777 

17.1 

1.223 

6,000 


89.5 

1.952 

65.4 

1.816 

34.6 

1.539 

10.6 

1.025 

4,000 


43.5 

1.639 

30.5 

1.484 

16.3 

1.211 

4.6 

0.663 

2,000 


16.8 

1.225 

12.9 

1.111 

7.2 

0.857 

2.3 

0.362 


In the case of the standard steel we notice that the lowest 
points depart from the straight lines. The other four points 
were therefore taken to find the slope. In the case of the medium 
silicon steel, the top as w r ell as the bottom points show some slight 
deviations, but not sufficient to materially change the slope. 
The center three points were therefore taken as the values which 
would be the most nearly accurate. The slopes as found are 
given in Table X. 

It seems, therefore, that for given amplitude the hysteresis 
loss is increased by the 1.9 power of the mean densities. 

The second part of the analysis, as stated before, was made to 
determine the increase and nature of the hysteresis loss with the 
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increase in amplitude. From the results in Table VII, vrc find 
that for standard steel, the hysteresis exponent is apparently 
1.75. It is to be expected that this exponent would be greater 



plitudes—Medium Silicon Steel 



Fig. 8 Log B m vs. Log a Hysteresis Curves for Various Am¬ 
plitudes—Standard Steel 

than 1.6, as the loops are of small magnitudes, and, as has been 
shown by Steinmetz, at low densities the hysteresis exponent 
deviates from 1.6 and approaches 2. Plotting the points as 
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given in Fig. 10 shows that not only is the increased loss with the 
increased B {max.) parabolic when referred to zero as mea?i density , 
but that it is also parabolic when referred to any mean value of 
induction other than zero , and that the power remains practically 
the same. 


TABLE X 

SLOPES OP LOG A LOSS—LOG B m CURVES FOR VARIOUS VALUES OP B 


Range 

B (max) 

Slope 

Std. steel 

Medium silicon steel 



3 points 

4 points 

2000 

1.85 

1.98 

2.09 

1500 

1.87 

2.00 

2.12 

1000 

1.93 

1.87 

2.04 

500 

1.73 

1.93 

2.12 

Average 

1.85 

1.95 

2.09 


1.9 



Fig. 9 shows the same relationship for medium silicon steel. 
The slopes of these curves are tabulated in Table XI. 

A group of typical unsymmetrical loops about a common 
value of B m is shown in Fig. 11. 


TABLE XI 

SLOPES OP LOG LOSS—LOG B CURVES AT VARIOUS VALUES OF B m 


B m 

Slope 


Medium silicon 
steel 

Std. steel 

10,000 

1.71 

1.60 

8,000 

1.74 

1.67 

6,000 

1.73 

1.67 

4,000 

1.69 

1.72 

2,000 

1.69 

1.72 

0 

1.69 

1.75 

Average 

1.71 

1.69 


1.7 



While the exponent 1.7 is consistent for these low values of B 
for general purposes although at the expense of slight increase in 
the average of errors it w'ould undoubtedly be more consistent 
to consider the exponent as 1.6 when solving for r} y thereby 
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having r) on the same basis as is used for higher inductance in 
the well-known law. 

Having now found the loss in the unsymmetrical loop to in¬ 
crease as the power of B m , it would be better to disregard the 
formula ( 1 ) as previously given, and consider an equation in 
which f) represents the value for the symmetrical loop, and ex- 



Fig. 11— Group of Unsymmetrical Loops about a Common Center, 
Bm = 6000—Medium Silicon Steel 

press the increased loss as an increase of 77. For a general case 
we may write the loss in the loop as 

' h = (rj + a B m y )B* (2) 

For the symmetrical loop B m becomes O, and the equation 
^ B . Letting x = 1.6 and as we find y = 1.9 we may write 

h = (77 + a B m 1 * 9 ) 23 1 - 6 ( 3 ) 

Solving the equation for the term ( v + a B„y) gives from 
tnese tests such as shown in Table XII. 
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L ABLE XII. 


2000 

1500 

1000 

500 

Avg. 1st 3 


VALUES OF (, + « B m y ) IN EQUATION (2) 
(Values multiplied by 10 3 ) 


Standard Steel 


B 

Medium Silicon Steel "j 

Range 

10,000 

Range 

8000 

Range 

6000 

Range 

4000 

Range 

2000 

Symmetrical 

Loop 

2000 

2.57 

1.91 

1.54 

1.27 

1.12 

1 05 

1500 

2.57 

1.90 

1.52 

1.27 

1.14 

1 05 

1000 

2.44 

1.79 

1.46 

1.25 

1.11 

1.04 

500 

2.23 

1.59 

1.28 

1.09 

0.97 

0.90 

Avg. 1st 3 

2.53 

1.87 

1.51 

1.26 

1.12 

1.05 


2.38 

2.41 

2.53 

2.26 

1.89 

2.01 

1.96 

1.70 

1.57 

1.60 

1.56 

1.39 

1.33 

1.31 

1.27 

1.10 

1.19 

1.17 

1.13 

0.99 

1.10 

1.06 

1.01 

0.88 

2.44 

1.95 

1.58 

1.30 

1.16 

1-.06 


Taking average values of rj from those of the symmetrical 
loops, we find values of a B m y to be as given in Table XIII. 
From these values we find y - 1.9 with much more certainty 
than for individual results. 


TABLE XIII. 

VALUES OF (c, B m y ) IN EQUATION (2) 
(Values multiplied by 10 3 .) 


Brn 

Medium silicon 
steel 

Standard 

steel 

10,000 

1.48 

1.38 

8,000 

0.82 

0.89 

6,000 

0.46 

0.52 

4,000 

0.21 

0.24 

2,000 

0.07 

0.10 


Table XVI gives average values of a. 


TABLE XIV. 

VALUES OF a IN EQUATION ( 2 ) 


Values (multiplied by 10 10 ) 


Bm 

Medium silicon 
steel 

Standard 

steel 

10,000 

0.362 

0.347 

8,000 

0.314 

0.341 

6,000 

0.304 

0.344 

4,000 

0.301 

0.344 

2,000 

0.374 

0.335 

Avg. 1st 4 

0.320 

0.344 
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From the above evaluations we find: 

For medium silicon steel: 

h = (1.05 X 10 - 3 + 0.320 X 10 ~ 10 B m 1 ' 9 ) B 1 ' 6 (4) 

For standard steel: 

h = (1.06 X 10 - 3 + 0.344 X 10 ~ 10 B m 1 '*) B 1 '* (5) 

A loop taken at B = 10,000 for the medium silicon steel veri¬ 
fied the value for t? of 1.05. 

Calculating the hysteresis losses from equations (4) and (5) 
we obtain the results given in Table XV. 


table xv. 

HYSTERESIS LOSS IN ERGS PER CM. 3 IN UNSYMMETRICAL LOOPS CORRES¬ 
PONDING TO SYMMETRICAL LOOPS OP THE RANGES INDICATED. 


Calculated Values. 


Bm 

Medium Silicon Steel 

Hysteresis 

Range 2000 

Range 1500 

Range 1000 

Range 500 

10,000 

445 

282 

147 

48.5 

8,000 

361 

229 

119 

39.4 

6,000 

292 

185 

96.6 

31.8 

4,000 

242 

154 

80.1 

26.4 

2,000 

212 

134 

70.1 

23.1 

0 

201 

127 

.66.3 

21.8 



Standard Steel 



10,000 

464 

294 

153 

50.5 

8,000 

372 

236 

123 

40.6 

6,000 

302 

191 

• 99.7 

32.9 

4,000 

248 

157 

82 

27.0 

2,000 

216 

137 

71 3 

23.5 

0 | 

; 

202 

128 

66.9 

22.0 


Comparing the results in this table with those of Table VII, 
we find the errors to be as given in Table XVI. The greatest 
errors are found to be for the case of the loops of the range 500. 

A glance will readily show?' that the large errors are not caused 
by assuming 1.9 as the power of B m , but by assuming 1.6 as 
the powrer of B for these low r values. Subtracting the errors of 
the symmetrical loop from those of the unsymmetrical loops of 
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the range 500, we find the errors to be much less. These values 
are also tabulated in Table XVI. Considering these last 
values, we find the maximum error in the table to be —12 per 
cent. Disregarding the loops of the range 500, and the loops 
with B m = 10,000, in which the flux in the steel scale influences 
results, we find a maximum error in the table to be 5.3 per cent. 


TABLE XVI. 

ERRORS OF RESULTS CALCULATED FROM EQUATIONS (4) AND. (5), FROM 
TESTS RESULTS OF TABLE VII. 


Bm 

Medium Silicon Steel 

Per Cent Error 

Avg. 

Error 

Range 

2000 

Range 

1500 

Range 

1000 

Range 500 

Error 

A Error 

10,000 

-9.6 

-9.0 

— 4.5 

+ 4.8 

-12. 

-8.8 

8,000 

-1.2 

0 

+ 5.3 

+ 19 

+ 2. 

+ 1.5 

6,000 

-1.2 • 

+ 1.1 

+ 4.5 

+ 19. 

+ 2. 

+ 1.6 

4,000 

0. 

+ 0.65 

+ 1.4 

+ 21. 

+ 4. 

+ 1.5 

2,000 

-0.93 

- 2.2 

+ 0. 

+ 15. 

-2. 

- 1.3 

0 

0. 

0. 

-1.1 

+ 17. 

0. 







Avg. 

—0.9 



Standard Steel 

• 



10,000 

1-2.9 

-0.17 

- 4.1 

+ 7.4 

-12.6 

| -1.7- 

8,000 

+ 2.8 

— 2.5 

— 0.6 

+ 14.7 

— 5.5 

- —1.5 

6,000 

+ 0.33 

-1.3 

..+ 1-2 

+ 13.8 

- 6.4 

-1.5 

4,000 

-2.5 

-1.0 

+ 2.2 

+ 22.2 

+ 2.0 

+ 0 2 

2,000 

-5.3 

-2.8 

+ 0.3 

+ 14.1 

- 6.1 

-3.7 

0 

-4.3 

+ 0. • 

+ 4 7 

+ 20.2 

0. 

0. 






Avg. 

-1.4 






Avg. of all 

-1.1 


When comparing the errors with those- of Table VIII, it is con¬ 
sistent to take the results in column marked A error for the range 
500 loops; for when Table VIII was calculated the results for 
the symmetrical loop were measured instead of being calculated 
and w T ere therefore independent of any errors in the 1.6 law. 
Taking the table in its entirety, we find that the equations enable 
us to calculate hysteresis losses in unsymmetrical loops with 
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errors ranging from 0 to 12 per cent, instead of from 7 to 160 per 
cent as with the old method. 

Discussion of Test Results 

The author fully appreciates the fact that to substantiate the 
validity of equation ( 2 ) as a law, and more especially the con¬ 
stants m equations (3), (4) and (6), would require much more 
ata than are likely to be available except as the result of the 
natural accumulation of many tests from various sources, or of 
an investigation involving much time and expense. 

Bearing on the tests herein cited were some variables which, 
while they were not incorporated into the present calculations,’ 
were not unappreciated. For instance, the steel tested had ap¬ 
proximately 10 per cent of scale and in consequence, at induc¬ 
tions of B = 10,000 and above, the apparent value of y of the 
symmetrical loop was increased by the flux in the scale. This 
fact has been advanced to account for the apparent increase of 
osses m symmetrical loops at high densities, above that found 
y the Stemmetz law. At such a range of inductions as, for 
example, B = 12,000, to B = 8000 and return to B = 12,000, 
the flux distribution between the steel and the scale must of 
necessity vary to a considerable extent, and since the coefficient 
for scale is much higher than that for steel, this fact must affect 
the losses. Another variable lies in the fact that 1.6 is not an 
accurate value for x at low inductions, as Dr. Steinmetz has 
himself shown in his original paper “ On the Hysteresis Law.” 

No effort was made to determine the core loss when altema- 
mg current is superimposed on direct current, owing to the fact 
that eddy currents are induced currents due to a voltage whose 
value depends on the amount and rate of flux change, and in 
consequence would be independent of the fact that the loop 
was symmetrical or unsymmetrical. Any variation in the eddy 
current due to the flux distribution, which would be slightly 
changed m the unsymmetrical' loops, would probably be small. 

e wave shapes of the magnetizing current may readily be 
found from the unsymmetrical loop. It is easily seen that the 
two sides of the wave would be different in shape, one side 
being considerably more peaked than the other. 

Analyses were made to connect the nature or the increase 
of loss with the mean value of H, maximum value of H etc 
but no significant connection was found. 

The average B was also considered not as ^ ( max )' B (min) 

’ 2 
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but as the density which would be at the center of gravity of 
the loops. Analyses showed that these results gave but little 
variation from those cited in this paper. 

Some work was done to measure the losses with the dyna¬ 
mometer wattmeter, producing the cycles by an alternating 
current superimposed on direct current. These tests were un¬ 
fortunately abandoned before any definite results were obtained, 
owing to the other necessities. 

An attempt to form a quadratic equation for these loops, 
comparable with the quadratic equation which has often been 
suggested for the symmetrical loops, gave no better results 
than the equation herein cited. 

It was rather unfortunate that the samples of standard steel 
and the medium silicon steel should give results so nearly alike. 
This has often been found to be the case with the test results 
at low densities, the lower losses for silicon steel appearing at 
moderate and high inductions. The identity of the material 
and the results of many loops have been carefully verified since 
the original results were tabulated. The difference in losses 
between the two grades for a number of samples would beyond 
doubt show greater difference than.that given by the samples 
tested. 

In the investigation of unsymmetrical loops, two extensions 
would be of interest. Large loops with large displacements 
are difficult to obtain, due to the high magnetizing currents 
required; large loops with small displacements would be of 
considerable interest and value. 

There is an infinite number of loops which may be repro¬ 
duced, in which neither the maximum nor minimum points lie 
on the normal induction curve. This field has, to the author's 
knowledge, never been investigated. 

In conclusion the author desires to acknowledge the kindness 
of Dr. C. P. Steinmetz for valuable suggestions during the 
progress of the investigation and in the reviewing of this paper. 
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Discussion on “ The Effect of Displaced Magnetic Pul¬ 
sations on the Hysteresis Loss of Sheet Steel ” 
(Chubb and Spooner) and “The Unsymmetrical Hyster¬ 
esis Loop” (Ball), St. Louis, Mo., October 20, 1915. 


M. G. Lloyd: One interesting thing about this work is 
the methods of measurement which have been used. It 
seems to me the methods used by the first authors, at least 
the principal method used, that involving the volt-second- 
meter which, I think, is what is usually called a flux meter, 
is applicable only to specimens with very large cross-sections’ 
such as the cores of transformers or other large pieces of ap¬ 
paratus. I should think with a small specimen it would not 
be feasible to take such readings as are described. Measure¬ 
ments on an apparatus of that kind are always valuable with 
the object of applying the results to other similar apparatus. 
1 always feel they are not of much value when getting the 
constants of the material, determining a physical law or de¬ 
termining exponents, for the reason that there is a very non- 
uniform distribution of the flux. The flux-density varies con¬ 
siderably over the area of the material being tested, and that 
fact is likely to vitiate the results so far as determining the 
constant of the material is concerned. On that account I 
think it preferable to make use of test specimens for that par¬ 
ticular purpose, as has been done in the other paper. 

I am sorry that more results are not presented to us making 
use of the a-c. method with the wattmeter, as is done in the 
farst few tests mentioned by Messrs. Chubb and Spooner, 
t seems to me this particular case is the one where that meth¬ 
od is particularly suitable, since it involves the same range 
of flux-density but varying the middle point of the range, 
the great bugbear to determining hysteresis losses by the 
a-c. method is _the eddy currents, but in this particular case 
they will not give trouble, for the reason that the same range 
of flux means the same effective voltage and consequently 
the same eddy-current loss. I assume the use of a sine wave, 
and tha.t_ would be really essential to get any results of value 
m this kind of a test. I feel that the a-c. method is particu¬ 
larly suited to this determination. 

In regard to some of the details of the first paper, it does 
not seem to me that the sixth conclusion that the displace¬ 
ment factor is a function of the permeability, is very fully 
borne out by the experiments, because there are only a few 

tW r^ Ven aS r6 f^ S that relation - ^ did not seem, to me 
that they are sufficient to justify the results stated in that 

not thinWR f S +L n the Case of the Steinmetz exponent, I do 
?n ^twf? that ¥ an l P articular significance to be given 

to this exponent 1.9 for the coefficient of the flux-density in 

the formula. It is not entirely constant even in the experi- 
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ments which are given here, and there is no reason to suppose 
that it might not vary even more if the experiments were more 
extended. 

Trygve D. Yensen: I should like to call attention to a 
point that is not very clearly brought out in the paper, al¬ 
though it can be figured out by combining a number of the 
curves. The hysteresis loop, as we ordinarily think of it, has 
a form as shown in Fig. 1. We have found in our experi¬ 
ments, however, and other investigators have found, that in¬ 




stead of falling below the magnetization curve the lower bound¬ 
ary of the loop may cross the magnetization curve as shown 
in Fig. 2. An explanation- of this feature would be very wel¬ 
come. 

Thomas Spooner: A comparison of Mr. Ball’s results and 
data obtained by Mr. Chubb and myself may throw a little 
further light on the subject of hysteresis loss.,- As stated in 
our summary, we were unable to find any formula which would 
adequately express our data over all ranges, but, after read¬ 
ing Mr. Ball’s paper, I took our data and attempted to apply 
it to his formula. Due to slight variations in testing, the 
results are not very satisfactory as calculated from the 
original data of Table I, so, in order to eliminate as far as 
possible, testing variations, I took the double log curves in 
Fig. 26 of our paper, and from those obtained the logarithms 
corresponding to each kilogauss of induction. I converted these 
to areas, subtracted the symmetrical loss areas from the dis¬ 
placed areas, - converted these values to logarithms, just as 
Mr. Ball did, and plotted logarithmic curves between dis¬ 
placement and loss; that is, curves similar to those shown in 
Figs. 7 and 8 of Mr, Ball’s paper. The slopes.of these curves 
give the exponents corresponding to- 1.9 in his- formula ,* 

Qi = (N + A B m l -») B 1 * 6 ). 



X 
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These exponents are as follows- 
B 


1 

2 

3 

4 

5 

6 


Exponent 


2.35 
2.10 
1.93 
1.76 
1.61 
1.49 

o 1-45 ' 

o 1A8 

i?kiloius n se^ ar T^ 5 / 1 ° ntainS th f P ulsatin ? induction values 
& * The columii marked exponent contains the 

exponents as figured by Mr. Ball’s method. 

Mr. Robinson pointed out that he could not exactlv make 
the varying slopes of the curves of Fig. 26 coincfde Vi^ a 
constant exponent of 1.9 as given by Mr. Ball. The reason 

consSnr but C d t6d fr ° m 0UT data ’ the ex P°nent is not a 
ment Tn b flt d S6S V6ry considera bly with the displace- 

that if we had w n . Wlth c °nsiderable assurance, 

what hilw ^oi b + ^ ble t0 Carry our displacements to some- 
tive- thaMa twfd? 6 e ?P°nent would become actually nega- 
mlnt h T4nwd h h / ster f ls l°.ss would decrease with displace- 
n f rn ; Q+ H ° Ueve ^. for calculating increased losses in the teeth 

satisfacS?,^ 

rs S>rs toSclSf ^ l00ps faiW *° dose by less thS 
than that c- A.™ ductl0n > and m most cases by very much less 

a-cordino-’t^thf^firTf ne §J e< t. te d tlie effect and closed the loops 

0*. tb/Soi £ S aTfe“ S r ' Ba "' As hep °'”‘ S 
tionvalut feT”<S'toi“toLe%?T« ed - “S? 

cies thprp r ru^ i Deca p-se or certain discrepan- 

secon,d- m X d aS ZStZ 'St St, T* 
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5-kw. distributing transformer and obtained very satisfactory 
results. I doubt if we could use a smaller sized sample than 
that. We chose this particular method, realizing that there 
are certain errors due to non-uniform distribution of flux in 
the transformer core, because we could obtain a large amount 
of data with a comparatively small expenditure of time and 
money. 

The a-c. method, with all necessary corrections, is compli¬ 
cated. We have the eddy current losses, which can be taken 
care of, although it is difficult to determine the percentage 
when you work down to inductions of 1000. We prefer some 
methods of getting the hysteresis losses alone, if we can do 
that. In the a-c. tests which we made, we could not keep 
a sine wave voltage at the high inductions, due to unavoidable 

distortions, as pointed out in the 
paper, but we made corrections 
for form factor, which probably 
took care of that adequately. In 
regard to Table II of our paper, 
showing the relation between per¬ 
meability and displacement factor, 
there is no apparent relation with 
an induction of 10,000 gausses. 
With 15,000 gausses, you will note 
the last two samples B and C 
have considerably lower permea¬ 
bility values at 15,000 and the 
displacement factors are decidedly 
larger. Now, the only possible 
error we could have made, that 
I could think of, is the distortion 
of the voltage due to the exciting 
current. This would tend to peak 
the voltage and produce an appar¬ 
ent displacemenrifactor, which is smaller than the results we have 
obtained. We have made no form-factor corrections in ob¬ 
taining these data. So, as a matter of fact, the displacement 
factors shown in the last two samples are undoubtedly larger 
than indicated by the table. The argument which led us to 
investigate this matter is this—suppose you have two mag¬ 
netization curves as in Fig. 3, one for a high permeability 
sample and one for a low permeability sample, and suppose 
we have a displaced loop for each sample as shown, the pul¬ 
sating induction and displacement being the same for each. 
It seemed reasonable to us, that the area of loop a for the low 
permeability sample should be larger than that of loop b for 
the high permeability sample. It may not be so, but what 
little data we did obtain, pointed definitely to that fact. At 
the lower inductions, the difference would be smaller, and 
would probably be masked by other effects. 



Fig. 3 
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John D„ Ball: The agreement between the tests given in 
these papers and the exponent 1.9, Mr. Spooner has explained 
and it will not be necessary for me to bring it up again. I 
made these same, calculations Mr. Spooner made, and I took 
the average of his results, without taking them individually 
and find they are quite correctly represented by 1 . 9 . 

. Speaking about the higher results of silicon steel, as men¬ 
tioned m the paper, it is very unfortunate that for the two 
samples that I chose, the losses for the standard steel should be 
a little bit low and for the silicon steel they should be a 
little bit high. The silicon steel contains 2.5 per cent sili¬ 
con and is not transformer steel. That increased loss which 
has been mentioned has been observed a great many times 
and is an increased loss at high inductions above what may 
be expected if deduced from the loss at B equals 10 000. 

1 made an investigation of this, and can account for it. 
It is due to the fact that when the flux is going through 
the iron up to about B equals 10,000 the iron is carrying high 

iAnn d n en S ty i and 7 he11 you get above the H that gives B equals 
10,000, the flux density of the scale increases extremely rapidly. 

lhe coefficient for scale is much greater than that for steel 
consequently you will get a much greater loss. 

We accept the 1.6 law, and find it holds for steel, and also 
holds for scale, but when the proportion of flux is varying 
between the two, you would not any more expect the 1.6 or 
any other law to hold for the mixture than you would take 
the compressive strength of a brick, and expect it to hold for 
a brick wall with ten per cent of mortar. That is the way 
it seems to come out. I am inclined to think that the results 
of tests which show more losses for the silicon steel than for 
e standard steel are not at all truly representative of an 
average number of samples. 
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DECOMPOSING MAGNETIC FIELDS INTO THEIR 
HIGHER HARMONICS 


BY H. WEICHSEL 


Abstract of Paper 

When it is necessary to decompose a magnetic field into its 
higher harmonics the same methods used for analyzing current 
and voltage waves may be employed. In many cases, however, 
the usual long mathematical operations can be avoided by rep¬ 
resenting the field shapes as geometrical figures, such as triangles, 
rectangles, trapezoids, etc., all of which waves may be considered 
as composed of a number of triangular waves with certain phase 
displacements against each other. Equations are then deduced 
for the harmonics of various wave shapes based upon Fourier’s 
equation for a triangular field. 


I N DEALING with alternating current problems, it is 
customary to resolve the current and the voltage waves 
into their higher harmonics. The methods usually employed for 
analyzing such waves consist of fairly lengthy mathematical 
operations. 

Frequently it is necessary to decompose the magnetic field 
into its higher harmonics. Obviously the same methods used 
for analyzing the current and voltage waves can be used for 
analyzing the shape of the magnetic field. In many cases, how¬ 
ever, the magnetic field can be represented by a more or less 
geometrical figure, such as triangle, trapezoid, etc. Under such 
conditions it is possible to facilitate the analysis of the field 
shape by employing the methods discussed below. 

Some of the field shapes most commonly occurring in alter¬ 
nating-current machines are given in Figs. 1a to 1h. 

A little thought will show that all these figures are very closely 
related to each other. For instance, it is self-evident that the 
rectangular wave (Fig. lc) is only a special case of the trapezoid 
wave (Fig. 1b). Fig.. 2 shows that a trapezoidal wave can be 
considered as made up by two triangular waves which are phase 
displaced against each other. A further study of the Figs. 
1a to 1h, will show that all these waves may be considered as 
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composed of a number of triangular waves with certain phase 
displacement against each other. 

Triangular Wave 

The harmonics of a triangular wave have been determined 
by many mathematicians. The Fourier’s equation for a tri¬ 
angular field may therefore be considered as known, and will 
be used in the following as the basis of all discussions. 

The Fourier equation of a triangular wave is 

y x = [Bi sin x Bz sin 3 x + B 5 sin 5 x-\- . .B n sin (n #)] H A (1) 




F; g- ig 


Fig. lh 

Pig. 1 


XH7 


where the constants B have the following values: 


Bi = +0.811 B 1 = -0.017 B u = + 0.005 B u = - 0.002 

B 3 = — 0.09 J5 9 =+ 0.010 B lt =- 0.004 B ai = + 0 002 

B5 = + 0.032 B u = — 0.007 B u = + 0.003 B, z = -0.002 


and i? A represents the height of the triangular wave 
Fig. 3). ’ 


(See 


Trapezoidal Wave 

The trapezoidal wave in Fig. 2, can be considered as composed 
of two component waves of triangular shape. Fig. 2 clearly 
shows that the displacement between the two component tri¬ 
angular waves is equal to the length of the flat side parallel to 
the base of the trapezoidal wave. 

Let “ b” denote the base, and its length be equal to 180 deg, 

Let “ a ” denote the length of the parallel side. 
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The displacement a, expressed in degrees, between the two 


triangular fields is then a = —. 180 deg. 

From Fourier’s theorem it follows that the base of the fund¬ 
amental wave is equal in length to that of the resultant wave, 
and that the base line of the resultant is an odd multiple of the 
base lines of all the different higher harmonics. Similarly, the 

base line of the fundamental 
wave of the triangle g h k or 
d ef, equals the base line of the 
resultant trapezoidal wave, and 
this base line in turn equals the 
base line of the fundamental of 
the trapezoidal wave. This latter 
wave may, therefore, be con¬ 
sidered as composed of two sine 
waves which are displaced a 
deg. in phase against each other. These component sine waves 
are the fundamental harmonics of the triangular component 
fields. They can therefore be added graphically as shown in 
Fig. 4. From this figure it follows that the resultant funda¬ 
mental is given by 



Fig. 2 


H t • Bi = 2 B 1 cos 


(-r) 


Ha 



For H t and B' see Fig. 5. 

In exactly the same manner it will be seen that the third 
harmonic of the trapezoidal field is the vector sum of the third 
harmonics of the triangular fields ghk and d ef. The phase dis¬ 
placement of these two component third harmonics is 3a. They 
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combine, therefore to a resultant third harmonic with a maximum 
value of 

H t -B a ' = 2 B z ■ H a cos (^) 

The same reasoning can be applied to any other harmonic. 
We obtain, therefore, the general equation 

Hr -B n ' = 2 B n -H A cos 

where 


a = • 180° (see Pig. 2) 



Fig. 4 



B n = coefficient for the nth harmonic of a triangular field; 
(see equation 1.) 

Bn = coefficient for the nth harmonic of the trapezoidal field. 
iJ T = max. ordinate of the trapezoidal field. (See Fig. 2.) 
H a = max. ordinate of the triangular field. (See Pig. 2.) 
The equation of the trapezoidal field can therefore be written 
as: 

y T = {Bi sin x + B z f sin 3 x +. B n ' sin (n x)} • H r 


= Ha 


2 -Si cos ^ sin ^ + 2 -S 3 cos sin (3 x ) 


+. 2£ n cos(^) sinn* | 

Usually it is more desirable to express the different harmonics 
as functions of H r , the maximum ordinate of the trapezoidal 
wav?. This can be done by expressing H as function of H T . 
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By referring to Fig. 2 we find triangle h n k is similar to tri¬ 
angle imk , therefore 

hn im 

— = - • ]3 U t h n = H a 

£ ^ m k 

h b 
k n = 


Therefore 


H a = H t 2 
& 2 (fr — a) 

T 


b ~ a 


H T - b 
(b - a) • 2 


This substituted in the above equation gives the equation 
for a trapezoidal field as 


Y t ~H t \ Bi cos 


f (y-r^) sin * + COS if (-jAy) sin 3* 
+ •• ^ cos (if) (j4y)sin(«*) 


„ ,, a a: 6 • a 

Further, y = W ! « = 


Introducing this value in the above equation, we obtain: 


F x = Ft \B i cos 


180 - a 


sin ( x ) 


+ 5 3 cos 


/ 3 a \ 180 . , 0 , , 

3C0S (—jl80^ sm(3x) 

■ jy (ua\ 180 . . 

+ 5 tt cos^ — J yg Q — sm( W : 


sin (m x) j- (2) 


Bi t BBb, B n represent the coefficients of equation (1) . 
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The product B x cos 


B z cos 


B n cos 


a 

180 

~2~ 

180- a 

3 a 

180 

2 

180 - a 

n a 

180 

2 

180 - a 


may be called the coefficients iV, B*\ B n f 
The equation of a trapezoid reads, then, 

Y t = Hj {By sin x + B 3 ' sin (3x) + .. .5„'sin (n x )} . (2A) 

The wth harmonic expressed in per cent of the fundamental 
harmonic, is, therefore, 



-d / n a \ 
B n cos —) 

(i) 


100 


0.811 cos 


100 (3) 


Anexample will demonstrate the use of equations two and three. 
The stator winding of a single-phase motor covers 75 per cent 
of the pole arc. The equation of the stator field is desired. 

t is evident that the flat part “a ” of the trapezoidal wave is 
25 per cent of the pole arc. The angle is, therefore, 

a = 180 X 0.25 = 45 deg. 

and 


180 180 
180 - a ~ 135 - 1 ’ 333 


The coefficient By' in equation (2a) is therefore 

By =0.811 cos 22.5 X 1.333 = 0.811X1.333 X 0.92388 = 0.996 

° rdinate ° f the W amental harmonic is there- 
tore 99.6 per cent of the maximum ordinate of the trapezoid. 

?*'’ Bl ' . Bn ' are most conveniently cal- 

culated by tabulating as follows: 
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Harmonic 

= n 

cl * n 

'm- a ' n 

B n 

„ n a 

Bn COS - 

n 2 

Bn' 

57 • 100 “ 

Bn CO ^ 

^ - inn 

2 

COS 

B'cosa/ 2 100 

1 

22.5 

+ 0.924 

+ 0.811 

+ 0.749 

100 % 

3 

67.5 

+ 0.3827 

-0.09 

- 0.0344 

-4.59% 

5 

112.5 

-0.3827 

+ 0.032 

- 0.0123 

- 1.64 

7 

i57.5 

-0.924 

-0.017 

+ 0.0145 

+ 1.93 

9 

202.5 ' 

-0.9205 

+ 0.01 

-0.000205 

- 1.23 

11 

247.5 

-0.3827 

-0.007 

+ 0.00267 

+ 0.356 

13 

292.5 

+ 0.3827 

+ 0.005 

+ 0.001915 

+ 0.256 

15 

337.5 

+ 0.92 

-0.004 

-0.00368 

-0.49 

17 

382.5 

+ 0.92 

+ 0.003 

+ 0.00276 

+ 0.368 

19 

427.5 

+ 0.3827 

-0.002 

-0.000766 

-0.102 

21 

473.5 

-0.3827 

+ 0.002 

- 0.000766 

-0.102 

23 

517.5 

-0.92 

-0.002 

+ 0.00184 

+ 0.246 


This table shows that the third harmonic amounts to —4.59 
per cent of the fundamental harmonic. The negative sign 
indicates that the third harmonic begins with a negative part. 
(i. e., the first curve lies below the axis.) 

Rectangular Wave 

A very interesting case arises when the trapezoidal wave goes 
over into a rectangular wave. This occurs when a = b or a 
— 180 deg. Substituting these values in equation (3) we find 



Bn cos 


n .180 
2 


0.811 cos 90 


100 


0 

0 


This indeterminate expression can be evaluated by differen¬ 
tiating. 



100 


B n n sin (90° «) 
0.811 sin 90 



B n 

0.811 


• n sin (90° n) 100 


100 


( 4 ) 
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The factor sin (90° n) equals unity for all the different values 
of n (1, 3, 5, ' 

For the harmonics n = 1, 5, 9, 13, etc., sin (^90°) is positive, 
and negative for n = 3, 7, 11,. 

From equation (1) we know that the 3rd, 7th, 11th, etc. har¬ 
monics of a triangular field are negative. It follows therefore, 
that all higher harmonics of a rectangular field are positive. 

Equation (4) points out the very important fact that the wth 
harmonic of a rectangular field expressed in per cent of the 
maximum ordinate of the fundamental, is equal to n times this 
value for a triangular field. 

The maximum ordinate of the fundamental wave of a rec¬ 
tangular wave expressed in per cent of the maximum ordinate 
of the rectangular wave can be found by use of equation (2A). 

B ' - B ' cos T (fflPj) " B ' cos (I) (ttt) 

For rectangular wave a — 180, therefore 

T> t _ -D - nc Qno 180 _ 0_ 

B\ Jj i cos 90 q 


This expression can be made determinate by introducing the 
relation 


a a • b 

a = — • 7r a — - 

o ir 


B ' = cos ~2 7 a~T 

o — - 


73 a 

= B x cos — 


By differentiating and setting a = w we find 


R / 0.811 . 
B i = — 2 “ sin 


"(i) 


The maximum ordinate of the fundamental wave of a rectan¬ 
gular field is therefore 127.5 per cent of the maximum ordinate 
of the rectangle. 
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From equation (4) and from B\ — 1.275 we find the coeffi¬ 
cient Bn to be 

Bn' = t n sin ( 90 ° ») = L57 n ■ sin ( 90 ° 

Substituting some of the values of B n from equation ( 1 ) we 
find 

£/ = 1.275 

B»' = - 1.57 X 3 X 0.9 sin 270° = + 4.25 
B t ' = 1.57 X 5 X 0.032 sin (480°) = 0.252 



Fig. 6 


The complete equation of a rectangular wave is therefore 

F R . = | Bi sin x + Bz sin 3 a: +- B n sin (m) j (6) 

where B n ' = 1.57 . n . B n sin (90° n) 

and where B n is the value governing equation (1) 

Coefficients for any Trapezoidal Wave 
The equations (2) and (6) enable us to calculate the higher 
harmonic for any trapezoidal wave. By the use of these equa¬ 
tions a great many trapezoidal waves have been analyzed and 
the results plotted in Figs, 6 and 7. In many cases it will be 
found useful to refer to these curves. 
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Interrupted Waves 

The waves discussed so far had zero ordinates for the angles 
0, 180, 360 deg., etc. Some waves or field shapes occur, how¬ 
ever, quite frequently which have zero ordinates over a consid¬ 
erable range of angles. In the following discussion such waves 
are referred to as “ interrupted waves.” 

Figs. If, 1g, 1h represent such waves. 

It is easy to analyze these waves by employing methods 
similar to those outlined above. 



Interrupted Rectangular Wave 
An interrupted rectangular wave is evidently formed by "the 
addition of two uninterrupted rectangular waves ” which have 
a certain phase displacement against each other. This will 
readily be seen by referring to Fig. 8. 

From equation (6) for an uninterrupted rectangular wave 
it follows: 

F e =i? E (1.275 sin x + 0.425 sin 3 x + 0.252 sin 5 * + 0.186 sin 
7 *+ 0.141 sin 9 x + 0.19 sin 11 x + 0.102 sin 13 x + 0.0939 sin 

1° * + °-0801 sin 17 * + 0.044 sin 19 * + 0.0656 sin 21 # + 0 0721 
sin 23 x) 
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The interrupted rectangular wave given in Fig. 8, is composed 
of .two uninterrupted rectangular waves with a phase displace¬ 
ment of 7 deg. against each other. The maximum ordinate of 
the fundamental harmonic for the interrupted rectangular wave 
is therefore the vector sum of the maximum ordinate of the 
fundamental harmonic of the two component uninterrupted 
rectangular waves. 

This is graphically represented by Fig. 9. 

From this it follows that: 

B h ' * ff* = 2 B l / * # R cos t/2 

or generally 

B n / ' H*i = 2 BJ ■ H r cos m 



Fig. 8 Fig. 9 


Furthermore, we have 

H ti = 2H 8 ; 

By substituting this in the above equation, we find 
B n - = B n ' COS ~- 

The complete equation for an interrupted rectangular wave is 
therefore: 

Y Ri = H Ri | B u 'smX + 5 3i 'sin3X+- B H ' sin (nx) j- (7) 

where B n / = B„' cos (Nf) and B,/ equals the coefficient for 
the nth. harmonic of an uninterrupted rectangular wave. 
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From equation (6) we know B n ' = 1.57 n B n sin (90° n) 
Therefore: B n ' = 1.57 n B n s\n (90° n) cos 

Where B n — coefficient for a triangle (see equation (1) 

7 = y 180° (see Fig. 8 ). 

Hr = maximum ordinate of interrupted rectang¬ 
ular wave. (See Fig. 8 .) 

Interrupted Triangular Wave 
A wave given in Fig. If may be called an “interrupted tri¬ 
angular wave.” It w T ill be shown that such a wave may be 
considered as composed of two uninterrupted trapezoidal waves 
which are equal but have a phase displacement of a degrees 


irO < 7i > 



against each other. This is shown in Fig. 10. From this 
follows: 

C = A - 2 d 

C a - 2d 
. b b 


but a + 2d = b;2d = b — a. 

Therefore = ~ — \ + - = ~ 
b b b 


c 

Tb 




cl c ~j~ b 

T ~ 


2b 
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and if we make a = — 180° 
b 


e i OA0 , ol 7.1 

7 = yl80 we get: w = 3 ^ + T 


a = JL + 90° 


The equation ( 8 ) gives the very important relation between 
the angle a of the trapezoid and the angle 7 , over which the 
ordinates of the interrupted triangular wave are zero. 

The phase displacement between the two trapezoids forming 
the interrupted triangular wave, is equal to a deg. as indicated 
in Fig. 10. If Bn H T represents the maximum ordinate of the 
nth harmonic belonging to one component trapezoidal wave, 
then the maximum ordinate B n / of the nth harmonic 

belonging to the interrupted triangular wave is given by 

B ni ' . Ha* = 2 B n ' • cos 
But Ha 1 = 2 FT t 

Therefore B n / = B n r cos — 

On the other hand we know from equation ( 2 ) that 


B n ' = B n COS • 


2 180— a 


The complete equation of an interrupted triangular wave, is 
therefore 


Fa, = B 1 cosy sin X + Bz cos : 


/ 3 a \ . 

(-r) SI 


sin 3 X 


+ . . "4” B n COS' 


/ na \ . 
■(—-) 51 


sin (n x ) 


180 

180- a 


Where Bi, B 3 . B n are the coefficients of equation (1) 

and a is given by equation (8). 
a = 7/2 + 90° 
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y = angle for which the ordinates of the interrupted wave are 
zero. (See Fig. 10.) 

Some time may be saved in analyzing interrupted triangular 
waves, by making use of the curves given in Figs. 6 and 7. 
These curves give the coefficient BJ of an uninterrupted trape¬ 
zoidal wave. Introducing these values we obtain: 


Fa; = Ha % \b x ' cos Y sin X + B/ cos — - sin 3 X + ... . 

+ Bn cos —sin (n x) j. (9 a) 


Interrupted Trapezoidal Wave 
Fig. 1h represents an interrupted trapezoidal wave. It will 
be shown that such a wave can be considered as composed of 


"'r 


/ \r \i r i xi 

NL \ 

is o-r 

Yi / 

/ 


f*- a-«e- 

I 


1 


<— -e-r — >| 

1 

1- 

-.b- 

1 

—J 


Fig. 11 

two uninterrupted trapezoidal waves with a certain phase dis¬ 
placement e against each other. Fig. 11 demonstrates this 
clearly. From this figure it follows: 

c + 2 / = a — d 

c d — a 2 f but & 2i f = b 

2/ = b — a 

therefore c + d= a — b + a = 2 a ~ b 
__ c -f- d -f" b 

a - -2- and lf we mtr oduce the relations ( 10 ) 


a = — 180 c 


5 =yiso 
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From Fig. 11 we see further that 

e = a — d ; or expressed in degrees, e = a — 8 
Introducing the value for a from equation 10, we find 

7 + 5 + 180 - 2 5 _ 7 + 180° - 5 
e 2 2 


e 


7—5 

2 


+ 90° 


(ID 


The equation (11) gives the phase displacement e between the 
two component uninterrupted trapezoidal waves, expressed in 
terms of y ad, which are the factors that determine the shape of 
the interrupted wave. 

In a similar manner equation (10) determines the value a as 
a function of the determinant factors 7 a 5 of the interrupted 
wave. 

The equations (10) and (11) determine, therefore, the shape and 
the phase displacement of the two component uninterrupted 
trapezoidal waves. 

The harmonics of equal order belonging to the two component 
uninterrupted trapezoidal waves, add vectorially and form the 
harmonic of equal order belonging to the interrupted trapezoidal 
wave. 

We obtain therefore: 

B h ' . H ri = 2 Bi' . Hr cos y 

but Hr = Ejj 

Therefore B H r = Bi cos 

In the same manner we find the coefficient of the nth. harmonic: 


ff? 

B n / = Bn COS -y- 

The equation for an interrupted trapezoidal wave is, therefore, 
Y- Ti = Hii j-Bi' cos y sin X + BY cos yy sin 3 X + -. • 

+ B n ' cos -y- sin (re x ) j- (12) 
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where Bi, B$\. . . B n r are coefficients from curves 6 and 7 or 
from equation (2 a). 

If it is preferred to introduce in equation (12) the coefficients 
Bi\ Bz .... of a triangular wave, we must remember that 

Bn! = B n cos (-?r-) 180 ^ a ’ therefore 


Y n = H Ti 


B i cos 


(-r) 


180 

180- 


i jy 1 3 a \ 180 . / 3 e \ . „ v 

+ B, cos (—) 155 ^ cos (— ) sm 3 X 

+ S. cos cos (^) sin (n x) J ( 12 a, 

where ; £3 .... .B n are the coefficients of a triangular 
wave as given in equation ( 1 ). 

For a and e' see Fig. 11 and equations 10 and 11. 

The equation (12a) represents the equation of an interrupted 
trapezoidal wave, but as an interrupted rectangular wave is a 
special case of interrupted trapezoidal wave, it must be possible 
to transform equation (12a) into equation (7). This can be 
accomplished by making 5 + 7 = 180. 

Therefore equation 10 becomes a = 180, and equation (11) 
becomes 


. = ^- .. (ISO-T) + 90 , AT_li80 + 90 
€ = 7 

Introducing these values into equation (12), we find 


Y n = H Ti | Bi cos y sin X + B z ' cos sin (3 X) 


+ . . BJ cos sin (n x) | 


which is the same as equation (7) for an interrupted rectangular 
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In a similar manner we can derive from equation (12) the 
equation (9) for an interrupted triangular wave. In this case we 
make d — 0 

Therefore a = ~ from equation (10) and e = 

y + 180 . 

2 irom equation (11). Therefore e = ol and. this 

substituted in equation (12) gives: 


j-Bi' cos sin X + T 3 7 cos sin 3 X 


i D / n cl . . 

T- • • .. tin cos —— sm (n x) 


and as 






B n ' 

we get 

= B cos | 

( n a \ 

180 


(2 a) 

< 2 ) 

180- a 


b? 

ll 

jl?l cos 2 | 

(2a\ 
{ 2 ) 

sin X + B% 

o 

o 

CO 

to 

1 CO 

| sin (3 X) 

+ . 

. . • Bn COS 

J na 

) sin (n x) j- 

180 


\ 2 

180- a 



which is equation (9) for an interrupted triangular wave. 

Also the equation of an uninterrupted triangular wave can be 
derived from equation (12). 

We have already seen that equation (9) for an interrupted 
triangular wave is a special case of equation (12). If we now 
assume a = 90 deg. such as must be the case for an uninterrupted 
triangular wave-(See Fig. 10), it follows that 

cos 2 -—— = cos 2 45° = 0.5 


c° s 2 (-^n-) = cos 2 ( - 45°) = + 0.5 

( 71 Ci\ 

— 2 ~) = cos 2 (« 0.45) = + 0.5 


and 


180 _ 180 
180 - a 90 
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Therefore cos<-f- ■ - 1 and cos . 1 

Y h = ff n | B x sin X + B z sin 3 X + . . . ..B n sin (wX) 

which is the same as equation (1). 

We have proved, therefore, that equations (12) or (12a) for an 
interrupted trapezoidal wave, is the most general equation we 
can derive. All the other equations for interrupted waves 
(9) and (7), as well as the equations for uninterrupted waves, 
(1), (2) and (6), are merely special cases of equation (12) or 
(12a). 

Composite Waves 

In the preceding discussion we have derived the equations 
for uninterrupted triangular, trapezoidal, and rectangular waves, 
and interrupted triangular, trapezoidal, and rectangular waves, 
see Fig. 1a, 1b, 1c and Fig. If, 1h, lj. 

A further, not uncommon, wave shape is represented in Figs. 
Id and 1e. Let us designate waves of this character as “ com¬ 
posite waves.” Fig. Id obviously represents a composite 
wave which is the sum of a number of rectangular waves. 
In order to derive the equation for such a wave, it is therefore 
necessary only to derive the equation for each of the individual 
rectangular waves, and to add all values of equal order. 

Exactly the same is true for a composite wave as given in Figs. 
1e. In this case w^e form the equation for the uninterrupted 
trapezoidal wave, and for an interrupted triangular wave, and 
add all values of equal order. 

The number of possible cc composite waves ” is practically 
infinite. How r ever, the two examples discussed will suffice 
to outline the general method to be pursued in deriving the 
equation of any composite wave. 
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Discussion on Decomposing Magnetic Fields into Their 
Higher Harmonics (Weichsel), St. Louis, Mo., Octo¬ 
ber 20,1915. 

George R. Dean: For some time I have been resolving mag¬ 
netic fields into their higher harmonics, and wished for some con¬ 
venient process. All this time I have been using the general 
procedure which involves a lot of integration, the combining of 
all kinds of hard integrals, I got my results all right, but now 
1 am checking them up by Mr. Weichsel’s method. Of course, 
these field waves as you call them, are to some- extent a guess, 
their shape is not anything like as simple as one would think 
from the figures, but they come pretty close to being rectangles, 
trapezoidals, etc. One very interesting thing which I have been 
doing is to try to predetermine the harmonics in the current and 
field waves of alternators, transformers, motors, etc. And in 
order to get at the thing at all I have to decompose these mag¬ 
netic fields. s 

To do that by the dry integration process is difficult. I can 
check up by Mr. Weichsel’s process very nicely, because I can 
combine the triangular with the rectangular, trapezoidal, etc., 
whatever I need. The real magnetic field which, when, cut by 
the conductor, produces the voltage in the armature, is the 
resultant of these three, and although your field produces a sine 
wave under no-load conditions, you will have a departure from 
the sine wave due to these fields. Of course these are not very 
large,^ but they are of considerable importance. They introduce 
the higher harmonics into the voltage and current waves. I have 
in mind starting out with a pair of differential equations, if I can 
ever get them set up right, and using these magnetic fields to 
predetermine the harmonics in the e. m. f. and current waves of 
the alternator. 

It is obvious to me that higher mathematics are going to take 
a more and more prominent part in the high-tension work and 
in the design and predetermination of large apparatus. If it 
were not for the B-H curve we could, get at something, but I 
believe in the case of the apparatus where there is an air gap, 
and most of the ampere-turns are used in the air gap, the permea¬ 
bility of the iron can be assumed to be large. Some take it at 
infinity, which it is not. We can, however, make an average 
correction for the iron and I hope get at something pretty defi¬ 
nite in the predetermination of machines with air gap. 

J. L. Hamilton: The thing that seems to me of principal 
interest in the building of induction motors in connection with 
the higher harmonics in the magnetic flux is the effect they have 
on iron losses. 

If we have a 60-cycle induction motor with 48 slots in field 
and 60 slots in armature and wound four-pole, an oscillogram ob¬ 
tained from an exploring coil on the armature will give the fol¬ 
lowing lesults. 

. At synchronous speed, 1800 rev. per min. or 30 rev. per sec., 
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a complete cycle of the magnetic ripple in the armature takes 
place when the center of an armature tooth moves from the 
centex- of one field tooth to the center of the next field tooth. We 
therefore have in this case 48 field teeth multiplied by 30 rev. 
per sec. equals 1440 cycles per sec. of the magnetic ripple in the 
armature. This ripple or higher harmonic therefore has a fre¬ 
quency 24 times the supplied frequency of 60 cycles. 

Considering the ripples in the field magnetism, it can be ob¬ 
served from an oscillogram record that a complete cycle has 
taken place when the armature has moved 1/60 of a revolution; 
60 being the number of slots in the armature. 30 rev. per sec. 
multiplied by 60 ripples in the field per revolution gives 1800 
ripples or cycles per sec. This is 30 times the primary frequency 
of 60 cycles. 

The combination of field slots and armature slots directly 
affects the frequency of these ripples and also the amplitude. 
The shape of tooth tips, relative size of slot opening, etc., also 
affects the amplitude of the ripples. The combination of field 
slots and armature slots may be such as to get very high iron 
losses even with a relatively small number of slots in both field 
and armature as the amplitude may be great, even though the 
frequency of the ripples is comparatively low. Likewise the 
iron loss may be low with a comparatively large number of 
slots in field and armature if proportions of tooth tips, slot open¬ 
ings, etc., are correct. 

It is the speaker’s experience that these added iron losses vary 
quite widely and are often difficult to determine and locate. 

If the writer of the paper just presented has any data on this 
subject showing more definitely why these losses should vary 
considerably and has any way of calculating same, I am. sure 
designers in general would greatly appreciate such information. 

N. S. Diamant: Stax-ting with a triangular wave (isosceles) 
already analyzed into a Fourier’s series, Mr. Weichsel shows 
graphically how a trapezoidal wave is equal to the sum of two 
triangular waves with a certain phase displacement. On the 
basis of this the equation of the trapezoidal wave is derived. 
Then the equation of the rectangle etc. is obtained. 

Credit is due to the author for considerable persistent mathe¬ 
matical work in applying this method to a few special cases. 
When it comes to practical wave analysis, however, I cannot but 
entirely disagree with the author that his method will “ facilitate 
analysis ” and avoid “ the usual long mathematical operations.” 
Mr. Weichsel may have reasons for making these statements, 
but the contents of the paper itself constitute strong evidence 
against him. Suppose we wish to analyze -wave Fig. Id. A 
hint is given in regard to the solution of the problem to the effect 
that the figure “ obviously represents a composite wave which 
is the sum of a number of rectangular waves.” There is very 
little about the problem that is obvious and even the number of 
the rectangular components is not stated. 

In case of Fig. Id, or any other, it is necessary first to deter- 
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mine graphically what and how many are the components of the 
wave under consideration and also what is their phase dis¬ 
placement ; then knowing the “ equation for each of the individual 
waves ” it is necessary to “ add values of equal order ” and thus 
finally obtain an expression in Fourier’s series for the wave. 
This, I am afraid, is too much of a roundabout method of 
attacking a practical problem. Standard works on electrical 
engineering 1 give coefficients for many common wave forms 
met in practise and even Mr. Weichsel will agree, I think, that 
for practical purposes it is most convenient to refer to such 
sources; or, ordinary methods of analyzing waves or simplified 
ones such as those due to S. P. Thompson and others can be 
used. These methods are all direct and general and much 
simpler than those given in the paper. 

Were it not for the coefficients given in Figs. 6 and 7 the paper 
would have little practical value. For the benefit of those who 
may wish to make use of the table etc. it must be said that 
Mr. Weichsel fails to mention the fact that the coefficients 
given in paragraph on the triangular wave apply to isosceles 
triangular waves i. e. waves symmetrical with respect to the 
7T/2 axis. This is not necessarily the case with all flux waves 
of commercial machines, especially under load conditions. 

L. W. Chubb: (by letter): This paper on the harmonic an¬ 
alysis of magnetic fields shows a method of avoiding direct 
harmonic analysis for certain geometrical types of waves and 
treating the same by the separation into triangular waves, the 
equations of which are known. 

The analysis of geometric field forms by the method of the 
paper will be found to be of advantage in few if any cases, as 
the complete analysis is seldom required, and the extraction of 
one or a few components can be made quicker by the mathemati¬ 
cal, graphical, or mechanical methods. 

The waves covered by the paper have sharp discontinuities 
and therefore their harmonic expressions are infinite series. 
Actual field forms do not exist with discontinuities and rectilinear 
sides because of fringing and saturation. 

The author has used decimal coefficients for his component 
terms, derived the formula in a rather laborious way and ex- 
pi esses the results in a form in which it is difficult to substitute. 

By Gregory’s series we know that the expansion of unity is 




and it can readily be shown 


that the rectangular wave of Fig. lc is: 


F r 



^sitl 


1 _ 

3 


sin 3 x 


+ — sin 5 x 
o 


- — sin 7 x . 


inf^ 


. ad inf .) & R (1) 


1. Lecons d’ Electrotechnique General, P. Janet, Vol. II, p. 117. 
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also the rectangular wave leading Fig. lc by 9J3 deg. is 


1 o , 1 

cos x—cos 3 x + cos 5 x 

O O 


1 


cos 7 x. .... . )iJ K 


( 2 ) 


The triangle of Fig. 1a is the integral of this last rectangular 
wave and can be obtained by integrating (2) 

T/ 4 / . 1 . 0 . 1 . _ 

Y a = - I sm x -sin 3 x + -=r sin b x 

7r \ 3" 5^ 

- 1- sin 7 x.) (3) 


or in terms oi Ha 
8 


Y A = 


^sin x-p- sin 3 x H-4- sin 5 x 

- -4-sin 7 x. ... ) H a (4) 

This triangular wave can be displaced any angle <fr and its 
equation will be 

8 / 1 

Y a = —r ( sin (x - 4>) — ~ sin 3 (x - <f>) 

+ sin 5 (x ~ <p) . j H a (5) 


This when expanded gives the general equation of the triangle 
displaced any angle 0 and of any height H&. 

The resultant of any two or more such triangles can be ob¬ 
tained by simply adding the coefficients of like terms. 

As an example, two triangular waves at + 0 and - 0 add to 
make the trapezoidal wave the general equation of which is 

v / y • cos 3 0 . _ 

^ ( cos 0 sm x-sm 3 x 

. cos 5 0.^ \ 

+ — g, sm 5 x -. J H a (6) 
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By similar reasoning the equation of the rectangular wave may 
be expressed in any phase position and the equation thus formed 
can be used to add to other rectangles, triangles or composite 
wave's. ^ 

Two rectanglar waves added together give the interrupted 
rectangular wave, the general equation of which is 


Fr,- 


Or 


Fr; 


This method of derivation has the advantage of simplicity of 
form, and the equations which are expressed in sine and cosine 
terms are generally applicable for any phase positions and num¬ 
ber of different waves instead of being limited, as in the paper 
to the resultant wave starting at x = 0. 

The coefficients or constants B, in paragraph on triangu- 

O -J 

lar waves, are the simple terms X ——• 

7T 2 n 2 

They are correct in numerical value but the signs are wrong in 
many cases. The signs should be such that when B n is sub¬ 
stituted equation (1) will stand. 


r t 8 / . 1 I 

1 A = -p- (sm r-~ sm3x+ — sin 5 * 

~ -JT sin7x + (9) 


In the derivation of coefficients of the reactangular wave the 
author finds BT = 1.275 which is The succeeding values 

4 4 4 

3 7T 5 x ’ 7T ,etc - 


o / , . . .cos 3 d> 

— (cos $ sin X 4---ft sin 3 x 

, cos 5 <f> . r 

+ -—^- sm 5x +. 


•) H r (7) 


( , . , cos 3 d> 

cos <f> sm X H-g—f- sm 3 


cos 5 0 . „ 

-^-sm 5 .r 


) Hut ( 8 ) 


are 
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The harmonic expressions of these few geometric waves are of 
value in solving problems containing discontinuous waves, but 
we have found them of little advantage in the analysis of field 
forms and derivation of voltage therefrom. 

Corrective currents, slots, local saturation, fringing, etc., 
require magnetic fields to be laid out more carefully than simply 
drawing the geometric form which agrees with the winding 
distribution. With the mechanical analyzer the more accurate 
field form can readily be analyzed, and the related voltage or 
related curve derived by formula. 

. H. Weichsel: The triangular, trapezoidal, etc., field shapes 
exist only when a machine has an infinite number of slots. The 
field shape of a machine with a finite number of slots has more 
the appearance of Fig. 1. The corners 1, 2, 3, etc., in the actual 
wave, will probably not be as pronounced as shown in this figure 
but will be more rcunded. 

In order to handle the subject in such a manner as to enable 
the designer readily to make use of the derived results, it was 
necessary to neglect refinements and to assume that the ma¬ 
chine has an infinite number of slots. In this connection, it 
might be said, however, that the exact equation of a field such as 



Fig. 1 Fig. 2a Fig. 2b Fig. 3 


given in Fig. 1, can be derived by assuming a number of rectangu¬ 
lar waves superposed. 

Mr. -Hamilton referred to the additional iron losses. He 
touched a very important subject, which unfortunately, however, 
has not been sufficiently investigated. The higher harmonics 
which produce the largest amount of the additional iron loss, 
in induction motors for instance, are of a different nature than 
those harmonics discussed in my paper. These latter are simply 
produced by the phase belt distribution, assuming infinite num¬ 
ber of slots. The higher harmonics, however, which are mainly 
responsible for the additional iron loss, are originated by the 
rapid movements of the rotor teeth against the stator teeth. 
Let us assume that the stator is excited by a direct current. 
As long as the air gap section in front of the stator tooth remains 
constant, a constant magnetic flux will flow from stator tooth 
to rotor. 

As soon as the air gap changes, the flux passing from stator 
tooth to rotor must change also. A change in the air gap oc¬ 
curs, however, when the rotor tooth changes its position in re¬ 
spect to the stator tooth. It is evident that in Fig. 2a, larger 
flux will leave the stator tooth than in Fig. 2b. It is an easy 
matter to determine the flux which leaves the stator tooth for 
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different positions of the rotor teeth, by drawing the relative 
positions of stator and rotor teeth. Fig. 3 has been obtained 
by this manner and represents the flux of a stator tooth as func 
tion of the rotor position. But as the rotor is assumed as travel 
ling at constant velocity, it also represents the flux as function of 
time. lhe additional iron losses, which are mainlv eddv cur 
rent losses, are evidently a function of rapiditv of change of 
lines leaving the stator teeth. & 

t * n his.paper “ The Repulsion Start 

Induction Motor, that the additional losses are sometimes 60 
to 70 per cent of the.calculated losses. I have seen machines 
. where the losses were four times the calculated losses. In these 
machines the enormous losses were caused by faulty dimension¬ 
ing of the stator and rotor teeth; the stator was of the open slot 
type. These figures might indicate the very great importance 
ot the additional iron losses. It certainly would be of great 
help to designers if means could be found to predetermine said 
losses by fairly simple formulas. 

hfr. hi. S. Diamant seems to misunderstand the purpose of 
my paper. It was intended to show how magnetic fields which 
are produced by certain winding distributions, such as usuallv 
occur in induction motors, can be decomposed into their har¬ 
monics.. For this reason the equations for rectangular and 
trapezoidal waves were derived. It was not intended, how¬ 
ever, to use this method as a general wave analysis,’for all 
kinds of waves. Mr. Diamant objects to the statement in 
regard to Fig. Id that it “obviously represents a composite wave 
which is the sum of a number of rectangular waves.” The 
wave consists of three different rectangular waves, two of 
which are “inten-upted rectangular waves.” The equations 
for any of these individual waves are “known” by referring to 
equation (7) ° 


Mr. Chubb derived the equations for rectangular waves and 
trapezoidal waves by a strictly mathematical' method and 
obtained the same results as given in my paper where the 
derivation was carried out by a method which I believe gives 
a better physical conception of the real conditions. It is 
certainly gratifying to see that both methods lead to the same 
results. 
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EXPERIMENTAL DATA CONCERNING THE SAFE 
OPERATING TEMPERATURE FOR MICA 
ARMATURE-COIL INSULATION 


BY F. D. NEWBURY 


Abstract of Paper 

P « ap f ofe the resuIts of three series of tests, made 
*£e first 3750-kv-a. generator installed at Niagara Falls 
to determine internal copper temperatures. The obiect of 
the was - t0 obtam da ta to assist in the determination of 
Jor milt ma ^ lmum temperature of built-up mica-and-cambric 
' a p d 'f aper lnsulat _ 10I h The present Institute Stand- 
ardizatmn Ruies recommend the conservative limit of 125 deg 

data general 

ling special conductor bars having thermocouples in actual 
contact with the copper at its hottest part. 

histor y °f the generator is given, showing 
ttAn* hn^rff* 11 in operation for twenty years with no interrup- 

sXtiol 0 o P Ahe winding °. any ^ ° f tem P eratare <® the in- 

T Tjl e f“ I ? T Illar y T °J. service and temperature results given in 
Tables VUI and IX shows that the generator has operated for 
a time equivalent to nearly seven years without shut-down at 
temperatures ranging from 120 deg. to 285 deg., for a time 
equivalent to nearly three years operation without shut-down 
at temperatures ranging from 145 deg. to 285 deg., and for a 

down e< f uvalent *° fifteen months operation without shut- 
down at temperatures from 175 deg. to 285 deg. 

• ^ amin ati° n made in 1914 showed the insulation to be 
m good condition with the mica unchanged and with the 
conductors tight in the slots. 

tioi^is^wd^hp’iff ls , su f£ ested that w ^en suitable mica insula- 
Htt^ 011 m sulation becomes of 

ittle importance, that the limit to temperature is determined 
by other factors. The tests show that 150 deg is a "a- 
tive limit giving a liberal factor of safety. 

. TOURING the past two years a number of unusual tempera- 
•L-' ture tests have been made on one of the original Niagara 
generators through the courtesy of the Niagara Falls Power 
Company. These tests give valuable data on the question of 
the maximum safe temperature for mica insulation as applied 
to the armature coils of large generators, and for this reason 
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it is believed they are of considerable interest and importance. 
It is the author’s purpose to describe these tests and their re¬ 
sults, to present the operating history of the generator used 
in the tests, and to show the relation between the operating 
loads and temperatures, and the length of time the generator 
has been in service. 

The early Niagara generators have been in operation for 



a longer time than any other generators of corresponding 
capacity, and at an unusually high load factor. It has also 
been recognized for some years that the internal armature 
temperatures have been high, due to the general type of con¬ 
struction used. These generators, therefore, offered a promis¬ 
ing opportunity for obtaining data on the behavior of the in¬ 
sulation under the action of high temperatures existing for 
long periods of j. time. 
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The initial tests to be described were made by the operating 
staff of the power company and the later tests were made by 
engineers of the manufacturing company, with the effective 
cooperation of Mr. L. E. Imlay, superintendent of the power 
company. The author takes pleasure in calling attention at 
this time to the broad-minded engineering policy of the power 
company and to the effective cooperation of its operating staff, 
without which the collection and publication of this informa¬ 
tion would have been impossible. 

The tests were made on the first generator installed in No. 1 


power house of the power company. This generator was selected 
because it had been longest in service, and the major part of 
the original winding with its insulation was 
still intact. The tests were made to determine 
the actual internal temperatures of the genera¬ 
tor winding at loads representing the usual 
operating loads of the unit. 

No extended description of the generator is 
necessary as the early Niagara generators are 
probably better known than any other genera¬ 
tors in operation. These generators, together 
Location of the Niagara system as a whole, have 

Thermocouples been exhaustively described in a paper before 
Series of Tests, Institute by L. B. Stillwell. 1 Across- 



Location of section drawing v of the generator is shown in 
Thermocouples Tig. 1 which illustrates the internal stationary 
of T tSts SE Feb S armature > peculiar to the early Niagara genera- 
1915. ’ tors, and the general arrangement of the arma¬ 


ture winding. The armature inductors consist of 


solid bars 111/32 in. by 7/16 in. in section, with half round edges. 
A complete coil is made up of two of these straight bars, jointed 
by separate involute-shaped end-connectors bolted and soldered 


to the bars. The winding is a double layer winding so that 
there are two bars in each slot, as shown in Fig. 2. The straight 
copper bars are insulated by a wrapper built up of mica split¬ 
tings on a cambric base. The mica in each wrapper is approxi¬ 
mately three times as thick as the cambric so that about 75 


per cent of the complete wrapper is mica. This sheet of mica 


and cambric is wrapped around the bar by hand and held in 
position by an outside layer of linen tape. 

1. “ The Electric Transmission of Power from Niagara Falls,” by- 
Lewis B. Stillwell, A. I. E. E. Transactions, Vol. XVIII, page 445. 
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This insulation falls within the Institute definition of Class 
B insulation, inasmuch as the total dielectric strength is supplied 
by the high-temperature material—mica—and the low-tem¬ 
perature material—cambric—is used as a structural material 
only. 

Temperature Test Results 

During the summer of 1913 small resistance thermometer 
coils made for the purpose of measuring generator internal 
temperatures were installed in the generator. The ther¬ 
mometer coils were placed between the two bars in a slot, but the 
leads were relatively short, so that the thermometer coils could 
be located only five inches from the end of the core, while the 
total length of the core is 36 in. Ordinarily, in this type cf 
generator the highest temperatures are found between bars 
and near the center of the core. A typical temperature run 
made after the installation of these coils is shown in Table I. 


TABLE I—TEMPERATURE TEST—ALTERNATOR NO. 1—AUGUST 14, 1913 


Time 


7:30 a.m. 
8:00 
8:30 
9:00 
9:30 
10:00 
10:30 
11:30 
11:30 

[Averages. 


Volts Amp. per ph. Kv-a. 


2360 

2360 

2360 

2360 

2400 

2100 

2360 

2360 

2400 

2340 


900 

860 

860 

830 

840 

840 

860 

860 

880 

859 


Final temperature, 130. deg. cent. 

Air temperature. 29.5 deg. cent. 

Temperature rise... . 100.5 deg. cent. 


4250 

4060 

4^60 

3920 

4030 

3530 

4060 

4060 

4220 

4020 


P. F. 


82 

89 
79 
79 
74 

90 
83 
83 
82 

82 


Kw. 


3300 


The generator had been operating since the previous mid¬ 
night at substantially the same load, so that there is no question 
but that constant temperature had been reached. 

While the resistance thermometer tests realized the expec¬ 
tation of high temperatures, it was felt that still higher tem¬ 
peratures existed in the center of the core and higher tempera¬ 
tures certainly existed with the higher loads that the generator 
frequently carried. The scale of the indicating instrument 
used with the resistance coils was limited to 130 deg., so that 
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temperatures at higher loads than those recorded in Table I 
could not be measured. 

Accordingly, a second series of tests was arranged, in which 
the temperature measuring device could be located in the hottest 
accessible part of the winding and temperatures up to 200 deg. 
could be measured. For these tests thermocouples (of copper- 
Constantin metals) were installed in three pairs of slots equally 
spaced around the armature. In one slot of each pair couples 
were located in the middle of the core and five inches from the 
top surface; in the other slot of each pair couples were located 
in the middle of the core and five inches from the bottom sur¬ 
face. In each of these four locations, couples were placed be¬ 
tween bars (registering the average copper temperature) and 
between the bottom bar and the bottom of the slot (registering 
the core temperature at these points). There were, in all, 24 
couples. These locations, for one pair of slots, are shown dia- 



Fig. 3— Three Slots Spaced 120 Deg. had Thermocouples in Loca¬ 
tions 2 and 3. Three Slots Adjacent to them had Thermocouples 
in Locations 1 and 2. 

grammatically in Fig. 3. All couples were in phase A slots. 
The couples were encased in micarta-paper cells shaped to fit 
the curvature of the slot and bottom bar. 

This method of measuring temperature has been described 
in various papers 2 * 3 and has been in satisfactory use for com- 
merical and experimental testing for several years. 

Two temperature runs were made after the thermocouples 
had been installed. In the first run made October 2nd, 1914, 
the generator was operated at normal voltage and open circuit 
for 1^ hours and then for four hours at approximately 800 am¬ 
peres and normal voltage (approximately duplicating the first 
test made with resistance thermometer coils), and then for one 

2. " Measurement of Temperature in Rotating Electric Machines," 
by L. W. Chubb, E. I. Chute and O. W. A. Oetting, Trans. A. I. E. E., 
Feb. 1913. 

3. "Experimental Temperature Measurement of Electrical Ma¬ 
chines," by O. W. A. Oetting, Electric Journal , Feb. 1914. 
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hour at approximately 1000 amperes per phase. This in¬ 
creased current was obtained by a reduction in power factor, 
as the waterwheel was somewhat clogged with pulp wood and 
could not, at that time, develop powder for a load of more than 
800 amperes at the load power factor. A graphical log of the 
observed temperatures (including air temperature) for the 
group of eight couples showing the highest temperature is 
shown in Fig. 4 and the maximum temperatures of all twenty- 
four couples are shown in Tables II and III. The graphical 
log starts with the rated current run and does not show the run 



TIME-MINUTES 


Fig. 4 

on open circuit. The initial temperatures shown on the log, 
therefore, represent the temperatures at the end of the open 
circuit run. 

The second run was made on the following day—October 3, 
1914 after the turbine had been cleaned, and a load of 1000 
amperes per phase at the load power factor could be carried. 
The results during the entire run from one group of couples 
are shown graphically in Fig. 5 and the maximum temperatures 
of all the couples are shown in Table IV. 

It will be noted from Fig. 5 that at the maximum operating 
load averaging 990 amperes in the A phase, a total temperature 
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of 166.5 deg. was measured on the external surfaces of the in¬ 
sulation between the two bars in the slot. With the air tem¬ 
perature existing during the test, this is equivalent to a tem¬ 
perature rise of 133 deg. As will be pointed out later, this is 
by no means the highest temperature to which the insulation 
has been subjected for long periods of time. 

It was felt that this" second series of tests gave the highest 


TABLE II—FINAL TEMPERATURES—TEST OF OCTOBER 2, 1914 
AT END OF 800-AMPERE TEST. 


Armature 

slot 

No. 

Top of core 

Center of core 

Bottom of core 

Bet. 

bars 

Bet. core 
and bar 

Bet. 

bars 

Bet core 
and bars 

Bet. 

bars 

Bet. core 
and bar 

135 

136 

117 

77 

126 
♦ 125 

100 

82 

110 

86 


Final air temperature = 28 deg. cent. 


TABLE III-FINAL TEMPERATURES—TEST OF OCTOBER 2, 1914. 

AT END OF 1000-AMPERE TEST. 



Top of core 

Center of core 

Bottom of core. 

Armature 

Bet. 

Bet. core 

Bet. 

Bet. core 

Bet. 

Bet. core 

slot No. 

bars 

and bar 

bars 

and bar 

bars 

and bar 

11 



161.6 

112.2 

138.2 

104.1 

12 

152.2 

100.3 

160.2 

113.2 



73 



161.6 

115.0 

141.7 

109.0 

74 

155.0 

95.5 

161.6 

114.0 



135 



158.2 

119.7 

139.5 

101.4 

136 

150.2 

91.7 

161.6 

98.0 




Final air temperature = 27 deg. cent. 


existing temperatures at any point on the outside surface of the 
insulation. In comparing the observed temperatures at differ¬ 
ent parts of the slot with the estimated losses existing in the 
copper and core teeth, it was found that the big difference in 
temperature found at the bottom of the slot and between the 
two bars, amounting to nearly 50 deg. (see Table III), could 
only be explained on the assumption that the bar nearest the 
air gap was at a much higher temperature than the other bar. 
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This assumption is also in accordance with the known fact that 
the eddy current losses in the bars are large and exist mainly 
m the bar nearest the air gap. A. B. Field, in his paper on 
eddy current losses 4 has calculated these losses in this Niagara 
generator to be as large as 6.6 and 1.7 times the loss due to the 
load current in the top and bottom conductors, respectively. 
While the temperatures obtained in the second series of tests 
do not indicate quite as large an eddy current loss as these 
calculated values, the actual values are undoubtedly large enough 
to result in a marked difference in temperature between the top 
and bottom bars. If the two bars are at different temperatures 



then there will be a flow of heat between the two bars and a 
corresponding drop in temperature along the path between the 
wo eat-producing bodies. Under these conditions, the tem¬ 
perature measured at the outside surface of the insulation be- 
ween t e two bars in the same slot no longer represents the true 
copper temperature, as is the case when the two heat-producing 
bodies are at the same temperature and when there is, con- 

sequentiy, no heat flow and no temperature drop along the 
path between them. 

- TheSe c _ onsiderations ported to t he desirability of m a tii, g a 
4 - A - h E. E. Transactions, Vol. XXIV, p. 761 . ~ “ 
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third senes of tests in which actual copper temperatures could 
be measured. Accordingly, special bars were made with the 
same kind and thickness of insulation as used originally and in 
which thermocouples with the copper element in actual con¬ 
tact with the copper bar were included. Four bars, for two 
slots, were provided. Each bar had one thermo-couple located 
on the side of the bar and in the center of its length. Two 
thermocouples were provided for insertion between the two 
bars m the same slot in the center of the core to correspond with 
similarly located couples in the second series of tests. Four of 
the old bars were removed from two slots and the new special 
bars inserted in the winding. The thermocouple leads were 
very carefully insulated where they left the coil and the generator 
and were carried to an insulated observers’ platform and table, 


TABLE IV FINAL TEMPERATURES-TEST OF OCTOBER 3 , 1914 . 


Armature 
slot No. 

Top of core 

Center of core 

Bottom of core. 

Bet. 

bars 

Bet. core 
and bar 

Bet. 

bars 

Bet. core 
and bar 

Bet. 

bars 

Bet. core 
and bar 

11 

12 

73 

74 

135 

136 

Pinal air 

154.4 

158.3 

153.2 

f.pm nofo+ii -ro 

101.3 

96.5 

94.1 

-- 99 A __ 

164.8 

162.2 

166.5 

164.8 

160.7 

165.0 

112.8 

113.8 

117.2 

115.7 

122.5 

99.5 

140.0 

145.0 

144.7 

103,3 

111.0 

102.7 


SO that observations could be made while voltage was on the 
generator. When these tests were completed the special bars 
were removed from the winding as it was not considered de¬ 
sirable to incur any risk of breakdown due to the weakness 
o the coil insulation where the thermocouple leads pierced it. 

Two temperature tests were made; the first, at a load of 680 
amperes, was made February 12, 1915, and the second, at 870 
amperes, which after constant temperatures were reached, was 
increased to 980 amperes, was made February 13, 1915. A 
graphical log of the first test is shown in Fig. 6, and the maxi¬ 
mum temperatures of all couples are shown in Table V. A 
graphical log of the latter part of the second test is shown in 
Fig. 7, and the maximum temperatures for both 870 amperes 
and 980 amperes are shown in Table VI. 
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The results of this third series of tests confirmed the assump¬ 
tion that the upper and lower bars operate at considerably differ¬ 
ent temperatures and that, consequently, the temperature in¬ 



dicated by a thermocouple placed between them is not even 
approximately the- true copper temperature. From Fig. 7 
and Table VI it will be noted that the maximum temperature 
of the upper bar at 980 amperes is 224 deg., the maximum 


TABLE V—FINAL TEMPERATURES—TEST OF FEBRUARY 12, 1915. 
CURRENT IN A PHASE—680 AMPERES. 


Armature slot No. 

Bottom bar. 

Between bars. 

Top bar. 

157 

Ill 

120 

138 

173 

115 

124 

142 


Final air temperature =31 deg. cent. 


temperature of the lower bar is 168 deg. and the maximum tem¬ 
perature between bars is 185 deg. The fact that the tempera¬ 
ture indicated by the thermocouple located between bars is 
much nearer the temperature of the lower bar than of the upper 
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bar may be explained by the fact that the .thermocouple fitted 
the curvature of the lower bar and so was in much better con- 
tact with it than with the upper bar. 



The temperature rises from the three series of tests are col¬ 
lected together in Table VII. In Fig. 8, these rises are shown 
graphically; these curves show very clearly the very large tem- 


TABLE VI—FINAL TEMPERATURES—TEST OF FEBRUARY 13,1915. 


Armature 

870 Amp. load 

980 Amp. load 

slot 

Bottom 

Bet. 

Top 

Bottom 

Bet. 

Top 

No. 

Bar 

bars 

flar 

bar 

dars 

bar 

157 

147 

161 

190 

164 

179 

214 

173 

152 

166 

199 

168 

185 

224 


Final air temperature = 30 deg. cent. 


perature drops that occur through the insulation in this genera¬ 
tor, the large difference between the temperatures of the top 
and bottom bars, and that, while the temperature measured 
between bars is between the temperatures of the two bars, it 
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is much nearer that of the lower bar for the reason already 
suggested. 

In Fig. 9 the maximum temperature rise occurring in the 
generator—that is, the temperature rise of the center of the top 
bar—is shown together with the total temperature of this same 
part on the basis of 35 deg. air temperature. This particular 
air temperature has been chosen as the probable yearly average 
air temperature existing near this generator when the generator 
is carrying loads above its average load. The station records 
show that the maximum air temperature exceeds 40 deg. in 
the summer, and is rarely below 30 deg. in winter. From this 
curve the operating temperature at any load can be determined. 

In order to interpret these results better, it is desirable to 


TABLE VII—SUMMARY OF MAXIMUM TEMPERATURE RISES. 


Date of 
test 

Volts 

Amp. 
Ph. A. 

Temperature rises. 

Bet. bot. 
bars and 
slot cent, 
of core 

Bot. bar 
actual 
copper 

Bet bars’ 
5 in. from 
end 

Bet. bars 
center 
of core 

Top bar 
, actual 
copper 

8/14/13 

2340 

859 



100.5 



10/2/14 

2300 

790 

72 


89 

98 


10/3/14 

2300 

990 

89 


125 

133 


2/12/15 

2300 

680 


84 


93 

111 

2/13/15 

2300 

870 


120 


134 

167 

2/13/15 

2300 

980 

... 

138 


155 

194 


know the distribution of losses in the copper and core in this 
particular generator. The core was designed with relatively 
low magnetic densities and the current density and radiating 
surface of the armature conductors are also conservative at 
rated current, if the work current only is considered. The 
magnetic density in the core teeth, at no load, is only 11,000 
c.g.s. lines per square cm., while densities 50 per cent greater 
are not uncommon in modern generators of similar rating. 
The current density at rated current is only 1400 amperes per 
square inch (215 amp. per sq. cm.) while densities 30 per cent 
greater are common. But, as has been pointed out, the greater 
part of the copper loss is that due to eddy currents, so that the 
actual current density in the copper, and particularly in the 
top bars, is very high. 




1915] 


NEWBURY: MICA INSULATION 


2759 


It is now possible to explain several unusual results of these 
tests. The low temperatures obtained when operating the 
generator on open circuit are, of course, due to the low core 
densities. The very rapid rate of heating and cooling of the 
winding shown by all of the graphical logs is due to the concen¬ 
tration of large losses in a small volume of material and to the 
relatively low core temperature. In a modem generator with 
a better distribution of losses, the difference in temperature 
measured between coils, and that measured between coil and 
core will be, as a rule, 10 to 15 deg. instead of 50 deg., as in 



AMPERES PER PHASE 

Fig. 8 

Fig. 5, and, consequently, in more modern units the heating 
and cooling curves of the winding and core will very nearly 
coincide. The large difference between the temperature meas¬ 
ured between bars and that measured between the bottom 
bar and the bottom of the slot is due to the extreme difference 
in loss in the two bars in the same slot arising from the large 
eddy current loss. This is also the reason for the large d iff er- 
ences between the temperatures of the two bars in the same 
slot and the temperature measured between them. 

The large difference between the actual copper temperature 
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and the measured temperature between bars, amounting to 
36 deg. at 900 amperes load (Fig. 8), does not discredit the 5 
deg. difference established by the present Standardization Rules. 
The large difference in the present case is due to conditions that 
do not exist in well-designed modern generators. That such 
discrepancies can occur does point to the necessity of applying 
the rules with judgment, particularly when abnormal or unusual 
design proportions are involved. 



Operating History 

This generator was placed in commercial service August 26, 
1895, and has therefore been in service for twenty years. For 
over thirteen years it operated without a single interruption 
that was, in any way, due to the armature winding. In the past 
seven years there have been two such interruptions, but in 
neither instance was the breakdown due to the effects of the 
operating temperature upon the insulation. These two break¬ 
downs required the replacement of less than four per cent of 
the armature bars. 

In order to obtain definite information as to the average 
load carried by the generator, and as to the number of hours 
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service at the average load and at various loads in excess of the 
average load, the station records of this generator were reviewed 
in detail. The records of nine typical years, out of twenty years 
service, were used to determine the yearly average operating 
data. Based on this investigation the following facts may be 
stated: 

1. The generator has operated for approximately 110,000 
hours up to August, 1915. This is equivalent to 5800 hours 
operated during every year, or to 16 hours operation during 
every day. It is interesting to note that the actual service 
given by this generator is equivalent to over 12 years continuous 
operation, or to over 30 years operation for ten hours daily. 

2. The generator has delivered 280,000,000 kw-hr. of energy 
during the above operating time. This is equivalent to an 
average load of 2550 kw., or of 600 amperes per phase. 


TABLE VIII. 


Length, of service 
in hours ■ 

Load amperes 
per phase 

40,000 

600 to 700 

13,800 

700 to 800 

8,200 

800 to 900 

2,600 

900 to 1000 

100 

1000 to 1100 


3. The generator has operated for approximately 65,000 
hours (approximately 60 per cent of the time) at loads in excess 
of its average load of 600 amperes per phase. This time has 
been divided among different loads as shown in Table VIII. 5 

Relation- between Length op Service and Temperature 
It is now possible to determine the length of time this gen¬ 
erator has been operating at various temperatures—obviously 
the most important data to be derived from these tests. It 
is merely necessary to substitu te in Table VIII the temperatures 

5. The times of operation at currents of 800 to 1100 amperes are 
based on the actual times of operation at these loads during the nine 
typical years selected for examination. The times of operation at 
currents of 600 to 800 amperes are less accurately based on an examina¬ 
tion of the log sheets of typical days, but are consistent with the accurately 
known average load of 600 amperes and the total time of operation. 
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corresponding to the currents as shown in the curve Fig. 9 
This has been done in Table IX. 


TABLE IX. 


Length of service 
in hours 

Range in operating 
temperature 
(Based on 35 deg. air) 

40,000 

120 deg. to 145 deg. 

13,800 

145 deg. to 175 deg. 

8,200 

175 deg. to 210 deg. 

2,600 

1 210 deg. to 24 deg. 

100 

245 deg. to 285 deg. 


The operating record shown by Table IX means that this 
generator has been operating for over 60,000 hours at tem¬ 
peratures varying from 120 deg. to 285 deg. and for 24,700 
hours at temperatures varying from 145 deg. to 285 deg. In 
other words, the generator has been operating the equivalent, 
in time, of nearly seven years, without shut-down at tem¬ 
peratures above 120 deg.; it has also operated for a time equiva¬ 
lent to nearly three years without shut-down at temperatures 
above 145 deg.; it has operated for 10,900 hours, equivalent 
to fifteen months continuous operation at temperatures above 
175 deg. 

Condition of the Insulation 

During the summer of 1914, a number of bars, removed from 
the winding, while still in good operating condition as far as 
the insulation was concerned, were stripped and the insulation 
was carefully examined. The mica was found to be in as good 
condition as when new—there was no observable change in 
structure, m mechanical strength or in elasticity. The cambric, 
as would be expected, had lost its mechanical strength in all 
.places, was entirely gone in some, and in many other places 
only a fine powder remained. Before removing the insulation 
rom some of the bars, an insulation puncture test was made, 
and 22,000 volts was reached before the poorest sample broke 
down. The operating voltage is 2300. 

In spite of the fact that the cambric was practically destroyed 
and that it made up 25 per cent of the material of the insulation, 
t e old insulated bars were tight in the armature slots. This 
point deserves emphasis because the only reason for question- 
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mg the ability of this class of insulation to withstand safely very 
high temperatures, say 200 deg. to 300 deg., is the problematical 
effect of the loss of the binding structural material on the me¬ 
chanical support of the insulated coil in the slot. In this 
case—and this result has been confirmed in other tests—the 
destruction of the binding material did not appreciably reduce 
the structural strength or rigidity of the winding. 6 
. ^is circumstance that an appreciable part of the insula¬ 
tion can be destroyed without sensibly changing the total 
thickness of the remaining insulation, paradoxical as it may 
seem, is, in fact, readily explained by the elasticity of the re¬ 
maining mica. . The mica wrapper is, in effect, a spiral spring, 
so that the thickness of the insulation depends chiefly in the 
resiliency of the mica instead of on the compactness of the 
insulation as a whole. The copper is, consequently, held 
rmly m position in the slot even though the cambric or paper 
be completely pulverized. 

If this explanation is accepted, it must follow that the 
temperature limit of mica-and-paper-wrapped insulation is 
determined almost entirely by the properties of the mica. 
From this standpoint a high temperature limit for this kind of 
insulation is entirely reasonable, since mica does not begin to 
break up under the action of heat until temperatures of 700 
or 800 deg. are reached. 

Mica insulation in use at the present time differs very little 
from the mica insulation applied to the first Niagara generators 20 
years ago. Paper is used to carry the mica splittings instead of 
cambric and. machine wrapping is largely employed instead of 
hand wrapping. Machine wrapping not only brings to the 
task a much stronger wrapping pressure, but enables the wrap¬ 
ping to be done while the insulation is heated. Both of these 
conditions are favorable to the production of a very tight wrap¬ 
ping, with the result that with a machine-wrapped insulation 
the carbonization of the paper has still less effect in loosening 
the coil in the slot. The machin e-wrapped coil is probably 

6. With a superior grade of Class B insulation consisting of a mica 
and. paper wrapper applied when hot by a wrapping machine (result¬ 
ing m a much tighter insulation than possible with ordinary hand wrap- 
ping), operation at temperatures of 200 deg. and 300 deg. did not appre¬ 
ciably affect the measurable thickness of the insulation. An account 
of these tests is given in the author’s paper: “ Temperature and Its 
Effect.on the Power Capacity of Electrical Apparatus;” Proceedings of 
Technical Meetings, N. E. L. A., June 1914. 
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as tight after the paper has been destroyed as the hand-wrapped 
insulation is before the coil has generated voltage. The old 
Niagara insulation had a somewhat greater proportion of mica 
than the modern insulation—in the ratio of 75 to 60 per cent. 
However, there is no difficulty in increasing the proportion of 
the mica in the modern insulation if it should become advisable. 
Comparative tests made with samples having 60 per cent mica 
and 80 per cent mica have not shown any observable difference 
in this respect with temperatures up to 300 deg. 

It is difficult to draw conclusions from these tests, as to the 
maximum temperature that will be safe for continuous opera¬ 
tion. Very high temperatures, high from the standpoint of 
present practise, have existed in this generator for long periods 
of time without impairing the usefulness of the insulation. 
Does this not indicate that with mica insulation of proper de¬ 
sign and fabrication the effect of temperature on the insulation 
ceases to be a matter of importance? With such insulation, 
will not the temperature limit be determined by other factors— 
by the melting temperature of solder or by the linear expansion 
of the copper conductors, for example? Such, at any rate, is 
the belief of the writer. Certainly, the present recommenda¬ 
tion of the Institute for 125 deg. is unnecessarily conservative; 
a limit of 150 deg., allowed by the present Rules when guaran¬ 
teed by the manufacturer, is, in fact, conservative and still 
provides a liberal margin of safety before the real breakdown 
temperature is reached. 
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Discussion on Experimental Data Concerning the Safe 
Operating Temperature for Mica Armature-Coil In¬ 
sulation 55 (Newbury), New York, Nov. 12, 1915. 

Philip Torchio: One of the points which was the subject of 
much discussion by the Sub-committee on Rating last year was 
the question of determining in the standardization rules the safe 
temperature limit of mica insulated windings. 

Evidence had been presented that mica insulation, unlike 
other insulating materials, could safely withstand indefinitely 
temperatures of 150 deg. cent. The results were obtained from 
laboratory tests, though by inference it was surmised that mica 
insulated windings of certain machines had probably operated 
safely for years at temperatures of about 150 deg. cent. 

The advocates of the higher temperature rating, therefore, 
recommended the adoption of a standardization limit of 150 
deg. cent. The more conservative members of the committee 
claimed that such limit was too radical a departure to adopt fox 
standard practise, and contended that such a high limit should 
not be adopted in the design of machines without any reservation. 
1 he committee finally reached a compromise by adopting a 
standard temperature limit of 125 deg. cent., with the proviso 
that, special machines with higher temperatures should be 
specially guaranteed by the manufacturer. 

As things will happen, I was personally one of the strongest 
advocates for keeping the limit at the low value of 125 deg. cent, 
and perhaps the first engineer on that committee who soon after 
actually accepted guarantees of 150 deg. cent, and over. ' This 
was m connection with the United Electric Light & Power Com¬ 
pany purchase of two 20,000-kw., 3-phase, 25-cycle, 6600-volt, 
1500-rev. generators to be operated single-phase to furnish 
power to the N..Y., N. H. and H. R. R. The armature windings 
are insulated with mica. The generators are guaranteed both 
for three-phase and single-phase operation. One guarantee, by 
thermometer and resistance measurements, provides for con¬ 
tinuous three-phase rating of 20,000 kv-a., at 6600 volts, with 
temperature rise of 50 deg. cent, in armature and fields and also 
for continuous 14,300 kv-a. single-phase load, 70 per cent power 
factor, with 55 deg. cent, rise in the armature and 65 deg. cent, 
rise m the field. The other guarantee, by thermocouple measure¬ 
ment, provides that the machines will carry continuously 14 300 
i" a p single-phase at 6900 volts and 70 per cent power factor, 
also z5 per cent kv-a. overload at 65 per cent power factor for 
seven minutes succeeding the continuous run and 50 per cent 
kv-a. overload at 60 per cent power factor for the next two min- 
utes with temperature rises in the insulation within the armature 
tiian 100 . de §- cent * with possible local hot spot rises 
ot 120 deg. cent. With 40 deg. cent, room air temperature, this 
latter would give a temperature of 160 deg. cent, as measured bv 
thermocouples, J 
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The generators shall withstand an insulation test of 30,000 
volts for one minute. In addition, the coils before being placed 
in the core, shall withstand an insulation test of 45,000 volts for 
one minute. 

The generators are designed for ventilation from external 
motor-driven blowers. 

The field coils are wound with copper straps in slots and are 
insulated with asbestos and mica to withstand a temperature of 
150 deg. cent, without injury. 

In purchasing machines under the above guarantees, it .must 
be noted that we had also in mind the fact that the conditions 
of service w 7 ould not require the maximum possible output by the 
generator in the form of a continuous load. Instead, the maxi¬ 
mum demands are intermittent and usually are periods of short 
duration, like the time required for accelerating trains. The two 
overloads specified in the guarantees for the length of duration 
given are not likely to occur more than occasionally during the 
operation of the machine. Hence, the machines will not operate 
continuously at the maximum temperatures, as would be the 
case with the generators for supplying central station lighting 
and power loads. 

Mr. Newbury’s results would indicate that we could operate 
the machines at temperatures in excess of 160 deg. cent. If we 
should allow temperatures in the order of the Niagara generators, 
it seems that it might be possible for us to carry continuously 
single-phase kv-a. loads of over 16,000 and overloads of over 
25,000 at 60 per cent power factor. This would be a great 
advantage to us in carrying possible overloads in emergencies. 

One point that must be made clear is that in the adoption of 
mica insulations in the design of machinery, like the machines 
I have described, the object is not to reduce the cost of construc¬ 
tion. On the contrary, this type of insulation and the design 
of machines are such that the cost per kw. is probably higher 
than for other machines insulated with fibrous materials. The 
question at stake, however, is the fact that, on account of high 
peripheral speeds, required for economy of steam, and limita¬ 
tions in the strength of materials, the dimensions must be re¬ 
duced and the heat radiation sacrificed. Hence, the necessity 
of introducing insulating materials capable of withstanding high 
temperatures. 

From another standpoint—in the design of turbo-generators 
for single-phase railway loads, the importance of obtaining 
machines of the greatest overload capacity in kv-a. at low power 
factor makes it doubly necessary to keep the generator dimen¬ 
sions to a minimum, so as not to sacrifice unduly the all-day steam 
economy, as, if an unduly large machine is installed to provide 
capacity for kv-a. overloads at low power factor, the extra iron 
and the field losses in the machine will materially- affect the 
average steam efficiency of the unit. 

I would praise the conservatism of the Standards Committee 
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in providing that machines of this character be subject to special 
guarantees by the manufacturers. The purchaser also should 
exercise due care to see that every point in the design is covered 
by liberal margins m insulation and possibly in the installation 
he should provide protective devices which will minimize the 
electrical and mechanical stresses on the machines while in 
operation. 

In the installation above referred to for supplying the N. Y., 

+ i i R ‘ service > tiie machines, as stated, are operated 

at 5900 volts, the current being stepped up to and transmitted 
ca kles &t 24,000 volts to the point of delivery 
and there again the underground and overhead lines are separated 
by ratio 1.1 transformers. These transformers provide a liberal 
protection to the windings of the generators. In other cases 
the reactance coils on the generator leads are installed. By 
these provisions the possible damages of shocks due to short- 
circuits affecting the insulation are minimized. 

The experience of the Niagara generators would be of very 
little value in giving information as to wdiat would occur on 
similar generators designed to operate at 11,000 volts instead of 
2200 volts, and under conditions of fluctuating loads with oc¬ 
casionally heavy short-circuits. With 2200 volts even a cracked 
mica insulation might last indefinitely, while it would soon break 
down if operated at higher voltages." 

I understand also that the Niagara generators had a very 
large internal reactance, which naturally reduced the stresses 
on the windings; also the windings were made of solid bars giving 
great rigidity, while in modern generators of larger capacity 
the windings are made up of smaller copper having less rigidity 
to protect the mica insulation from cracking once the binding 
material is charred. 

The turbo-generators I mentioned are the largest single-phase 
units in operation, they being somewhat larger than the genera¬ 
tors of the Norfolk & Western Railroad. The results of accurate 
tests of these machines have not yet been obtained, but when 
available they should be carefully studied, as they will furnish 
information of immense value for the design of generators of 
very large capacity, and especially for those applications which 
require the use of single-phase power. 

W. J. Foster: Mr. Torchio has called attention to a very 
important application of mica insulation with reference to tem¬ 
perature limits, viz: the case of the single-phase turbo-generators. ~ 
Another field of application with which I am familiar, is the case 
of frequency-changer sets connecting two large systems. Such 
sets are often made with only two bearings and have very large 
shafts between the two rotors bo take care of the deflections, and 
consequently the torque that may be transmitted is high com¬ 
pared^ with the rating of the set. If both machines have all 
mica insulations, and if conditions should change somewhat, as 
more information is gathered, such as Mr. Newbury has brought 
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forward, and it appears safe to operate at high temperatures, 
the operator may increase his load by simply increasing the 
potential and the capacity of his exciters. It seems to me that 
it is wise for the Standards Committee to at once increase the 
temperature limitation of the Class B insulation from 125 to 
150 deg. cent. 

Mr. Torchio has called attention to the deliberations of the 
Sub-committee on Rating. On two or three occasions I was 
invited to sit with that committee, and I remember the discus¬ 
sion at that time as to the temperature that should be fixed for 
the different conditions. At that time I had some data gathered 
from experience which pointed to 150 deg. as being perfectly 
safe. Since then I have been able to gather more data from tests 
in the shop, carried out for that purpose. In one particular case, 
coils which were maintained at a temperature of 200 deg. for 
several weeks, and then tested w T hile hot and the insulation 
examined, showed practically no deterioration. That of course, 
gives a margin of 50 deg. over what is proposed. There was 
another reason, which seemed to me a valid one at that time; 
that is, our engineering must necessarily depend upon commer¬ 
cial considerations to a certain extent. We are not able to 
undertake new machines or new enterprises except as orders are 
obtained, and the purchaser sees the thing in the same light as we 
do. It gives a far wider field for that type of insulation to have 
the limit at 150 than 125 deg. cent. One hundred and twenty- 
five deg. ultimate gives a temperature rise of only 80 deg., com¬ 
pared with 60 deg. in the Class A insulation, that is, 80 deg. as 
determined by the thermo-couple or temperature coil located 
in the slot. That is too small a margin to work on, to have 
many machines go out on a commercial basis. There are some 
machines, like those that Mr. Torchio has mentioned, that work¬ 
out better commercially, at the higher temperature with the 
mica insulation. 

There is a little point in the data given by Mr. Newbury that 
I would like to inquire about, and that is an apparent discrepancy 
in the temperature as determined by the thermo-couple placed 
between the upper and lower bars at the center of the core in the 
second series of tests and the third series of tests; that is, in 
Table IV, and Table VI. In the first case the temperature rise 
appears to be 166.5, and in the other 185, and yet they are deter¬ 
mined in precisely the same manner by thermo-couples. There 
is possibly some condition in the test which accounts for that 
difference. 

^The machines that I am interested in, and that I am familiar 
with, which have all mica insulation, have not been in operation 
many years. Thus far they are giving a good account of them¬ 
selves, but I am not able to report concerning the temperatures 
which exist. I know that in many cases the loads have not been 
increased to the point that we had hoped for. These cases are 
mostly large frequency-changer sets, as mentioned before. 
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There are some cases of turbo-generators where the loads have 
not yet reached such a point that temperatures much above 100 
aeg. cent, actually are revealed. In these later machines, the 
temperatures are being taken by temperature coils located in the 
slots and the time may come when we can report on them. 

,, think is in order at this time to call attention to the fact 
: 11 j . ue the field for the mica insulation may be large, yet it 
is desirable, to become convinced that 150 deg. is a conservative 
temperature to operate at, (150 deg. as determined by the 
methods of the Institute, which means the temperature of the 
hottest spot, whereas the temperature on the outer part would be 
quite a little below 150), to note that there still remains the 
desirability, for the best engineering, to use other types of insu- 
lation, and for more information, on other types of insulation 
tnat contain no mica whatever. 


One of the earliest installations is near Montreal, where the 
machines have been operated for seventeen years without a 
smg_e replacement of armature coil. We do not know what the 
internal temperatures are, as we have no means of determining 
1 merely wish to point out the fact that there are other machines 
which have stood up well and have had long life, well on towards 
twenty years Another case I have in mind is up in the Mohawk 
valley, at Tribes Hill, on the Fonda, Johnstown & Gloversville 

Kai hi* *ri ca ^ ec ^ U P engineer the other day and 

asked him if he would tell me when his machine was put in opera- 
tion, and he said the first of them was installed in 1901—all of 
the machines were operating by 1903, and they had not had a 
single replacement. In fact, he said he had not spent a cent on 
, em ’ and he wanted to know if he should use some varnish on 
the end of the coils. _ These machines were wound for 13,200 
volts and have no mica. I wish to call attention to these ma¬ 
chines, because if machines are properly made within the tem¬ 
perature limits of the insulation they will have long life. 

There is another point which occurred to me as Mr. Newbury 
was referring to the matter of the eddy current losses in these 
machines. It would be a good thing, if it were possible, in that 
particular plant to test one of these generators for load losses by 
the method approved by the Standards Committee, namely 
the short-circuited losses, in order to find out whether the short- 
circuited losses as determined by the standard method would 
not just about agree with Mr. Newbury’s estimate of what the 
eddy current _losses_ in the conductors are. That could be car- 
ried out, I think, without much expense. 

B. A. Behrend: Mr. Newbury’s paper shows that electric 
generating units have operated for many years successfully 
which have always been considered unsafe, 
i think it has been known for the last fifteen years that these 
tacts existed, but they were only whispered, and they would 
not have gone beyond the little clique of those who actually knew 
about them. 
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The paper describes a generating unit of which a great many 
are operating at these high temperatures. These units have 
stood admirable service, they have taught electrical and me¬ 
chanical lessons wdiich have been the guide to the designers of 
large units. They were at the time of their installation the 
largest units of their kind. 

The regulation of the units at Niagara Falls was very poor— 
their short-circuit currents were very small and the strains pro¬ 
duced on them by conditions of change of load were also com¬ 
paratively small. All this must be borne in mind. It is a 
different matter to reason from the facts as presented, in regard 
to the old generating units at Niagara Falls, to the units of the 
United Power Company, or the Norfolk & Western Company 
generators, or the N. Y., N. H. and H. R. R. generators. It is a 
different question whether there is one conductor per slot 01 two 
conductors per slot solid and rigid, the conductors being wrapped 
in such a manner that, with the increase in temperature, the mica 
becomes more solid, or whether, in loose coils consisting of many 
turns, the vibrations of which may cause trouble, eventually 
leaving the mica in a different physical condition from that in 
which it was when the machines were constructed. The mica 
itself may not undergo physical change, but the mica is pasted 
together, and the binder becomes brittle, leaving the mica flakes 
without substance. Yet innumerable generators and motors 
with coils consisting of many turns and insulated with mica have 
stood very high temperatures for years. Therefore, Mr. New¬ 
bury’s conclusion is, I believe, thoroughly sound, viz: that it is 
advisable not to draw the temperature limits too low. 

H. P. Wood: When a temperature is allowed that destroys 
the strength of the binder or entirely eliminates it, the mica is 
liable to shift due to vibration, expansion and contraction, be 
damaged by the machine windage or be torn where exposed at 
the edge of the core by the compressed air used in cleaning, any 
of which mean the repair crew. 

Examples are numerous wdiere the present conservative tem¬ 
peratures have caused trouble from broken soldered joints or 
fractures due to crystallization, and as such troubles increase 
with the allowed temperatures, to increase the present tempera¬ 
ture is to sacrifice continuity of service to a theoretical ideal. 

C. F. Scott: It is rather remarkable, that this new standard of 
insulation should have come from the Niagara Falls machines. 
They are rather notable machines. Only a year or so before 
they were contracted for and installed, alternating-current had 
been introduced, but it had not been placed on the basis it 
occupies today by any means. In fact, these men of the Niagara 
Falls Power Company had not officially decided that alternating 
current, instead of direct current, would be used in their plan 1 , 
until the summer of 1903,1 believe. It was finally decided at that 
time to use polyphase alternating current of 25 cycles in that 
notable power plant, the largest electrical undertaking in the 
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T.S lf not m the , world > wh ich put electrical operation, 

Before fha P t°rLH e h eratl ° n ^ and transmission - on a new basis. 
Before thait had been rather experimental or in rather small 

So far as 1 now recall, the largest alternators at that time 

' lOOO h n ht7 r 6 375 kW ' ^ Th0Se at the World ’ s Fair were 
S tV p :’ but * he y were m ade of two single-phase machines 
with their armatures set at an angle, so that really the largest 

to 5000 U kw ma Wc e WaS fi 37 f andi *. was a large jump from that 
Mr t i 5 e r°. W find the ^ e m achmes are running very well, 
r. Imlay, when I last saw him, spoke to me about them and 

ooIratiriT ° n - the repairs 0ver the period the y had been 

^p atmg. The repairs were some small percentage, practically 

• N 0 ™: we h_ nd - incorporated in that first machine, was a kind of 
insulation which has done so well we can now marvel at it and it 

tharipno eW Jt ndard t0 ^ 6 a i d °? ted now ' You must ^member 
that 2200 volts was pretty high then, and the designers, Mr. 

amine and Mr. Smith determined they would use the best 

material they knew of, and use it in the best way, and use plenty 

=■♦*»«« M , r ' Newbury’s object in presenting this paper 
was to lay before the Institute and Standards Committee such 
data r 5i at “ g to . high-temperature insulations that they would 
unqualifiedly raise the limit from 125 to 150 degrees. 

My experience extending over a long period of years, leads me 
to state m the most unqualified terms that I believe it is abso¬ 
lutely safe to raise the limit from 125 to 150 degrees. Just how 
ma( t b T. 1 , gbe f we _ can £° with safety is somewhat problematical. 
Mr Newbury has suggested that it might be safe to raise the 
degrees or possibly 200, basing his suggestions on the 
tact that m some cases insulations have been operated for con¬ 
siderable periods of time at 200 degrees. I note also that there 
is an implied suggestion that it might be the best practise to use 
mica exclusively for all classes of apparatus. Now in regard to 
the first suggestion, that “ it might be safe to operate at temper¬ 
atures of 180 to 200 deg. cent.”, I would state that such a prac¬ 
tise would inevitably lead to trouble, especially in the case of 
high-voltage machines. I base my statements on the following 

IclCtS 1 ^ 


It is well known that shellac, which is the material generally 
Ynn aS j a n n/?^ d ’ begins to disintegrate at temperatures between 
190 and 200 deg. cent. Water having a strong acid reaction is 
first given off and as the temperature is gradually increased oils 
begin to accompany the water. These oils have the characteris¬ 
tic of readily attacking copper. This process will continue as 
long as the high temperatures are maintained and we finally reach 
a condition in which the composite insulation has been reduced 
to mica flakes, carbonized paper, and disintegrated bonding 
material, that is, the bonding material of shellac or var nish on 
which we have largely depended for our insulating properties 
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has disappeared, and we have left only the mica laminations, the 
dielectric strength of which will largely depend upon the summa¬ 
tion of the leakage distances. 

The machines tested by Mr. Newbury have armature conduc¬ 
tors insulated with a composite mica insulation of about 1/10 
in. in thickness, which gives about twenty-two volts per mil. 
It. is present practise to use thinner insulation, the voltage per 
mil being in the neighborhood of forty to fifty. Now it is verv 
possible that the long life of the insulation mentioned by Mr. 
Newbury may be due to the combination of comparatively low 
machine voltage of 2200 volts, and low voltage per mil. Even 
if the bond of shellac or varnish were completely disintegrated, 
the total leakage distances through the mica laminations might 
be sufficiently great to give an insulation that would be entirely 
safe. However, I do not think it would be safe to say that it 
would be possible successfully to produce insulations that would 
stand up for long periods of time if the temperatures were in¬ 
creased to 180 to 200 degrees with a voltage per mil of fortv to 
fifty, and line voltages of 6600 to 13,200. 

The advisability of the general use of mica as an insulation to 
the exclusion of other types of insulation, such as a composite 
one composed of mica and fabric, or one made up entirely of 
fabric, is a matter which must be settled by the merits of the 
particular case involved. If the character of the apparatus is 
such that the conductors will reach a high temperature, due to 
heavy, overloads or to exceedingly high room temperatures, 
mica insulation is essential. If, on the other hand, the condi¬ 
tions of operation are such that the conductors will never reach 
a temperature higher than about one hundred to one hundred 
and ten degrees, then an all-fabric or a composite insulation should 
be used. 

As an all-mica insulation is more expensive than one of the 
composite or all-fabric type., I do not think the designer is justi¬ 
fied either from a point of view of safety of design, or duty to his 
customer, to increase the cost of apparatus by using mica when 
it is not necessary. 

Skinner: Some one has referred here this evening 
to the inner circle ” and I fear has left the impression that 
there has been a lot of information in the hands of a few designers 
for many years, which they were not willing to divulge. I am 
very sure that many of the facts which have been brought out 
during the last tew years in connection with internal tempera¬ 
tures have been almost as big a surprise to the “ inner circle ” 
as to those not m such close touch with the work While in 
certain cases, such as that of the Niagara Falls Power Company, 
machines would be run until a certain degree of odor from the 

W f + observed ’ neither designer nor operator knew 
v/hat internal temperature tins odor actually meant 

.,^ an f qU1 iV n l CCOrd aU that has been said this evening 
ith regard to the possibility of safely going to a somewhat 
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higher temperature for Class B insulation than is now permitted 

the^tnrfnf ruleS + ° f the ^ stitute - and 1 wish to endorse 

Mr fc - 150 , de S-. cent - as a safe figure. I am in accord with 
Mr. Erben in not caring to go to 200 deg. or higher at least for 

hfp ofiT ; Co 1 ns J 1 . deratlons other than the effect of heat on the 
, c le insula non must be taken into account 

ereH L n Q °t W kn T\ that ™ a ? y insulatin g materials which are consid¬ 
ered heat proof, begin to lose their insulating qualities when tem¬ 
peratures which may not injure them mechanically are met and 

ranvZSlfat f e l ect f l0SSeS are very ^eaSy mcmased'n 
WaI i at higher temperature, and that these dielectric 
losses which may be neglected at normal temperatures may be 
of prime importance at the higher temperatures. 7 

WP X 1° agre ® ™ ith one of the speakers who stated that 

we must not be carried away with the idea that because the 
Niagara generators have been insulated with mica, and because 
they have remained m satisfactory service all these years, that 
mica is the only insulation we ought to consider. In fact there 

STsKd n«%fied miCa insulati< >” is inapplicable, and'where 

John B. Fisken: I really can tell very little about the matter 

me* a7t P er r fbfldf °f arm , ature c ° lls ’ but the thought occurred to 
me, aftei I had glanced oyer the paper by Mr. Newbury that 

some of us who are operating 2000 miles away from the source 

?on U ,?i; y ’ a ? d ha f 5 t0 n ace overloads of perhaps 50 per cent to 
00 per cent, and spend some rather sleepless nights thinking 
of what is going to be the result of a possible breakdown in ! 
morning will be able to sleep a good deal better. 

oomethmg has-been said on the subject of insulations other 
than mica insulations. I remember at one time when we oper¬ 
ated two small machines, 400 kw„ 150 volts. They had been 
operating for about, eighteen years, and on one occasion, when 
there was a breakdown, they carried the load until the armature 
connectrons melted off. I do not think those were mica-W 
lated machines. I mention that to show there are other insula- 

AnnTh^r 11 m an i f< ? r a Sh ° rt time very Mgh temperatures. 
Another thought which occurred to me is the effect under high 

temperatures of the linear expansion. If the ends of the bars 
are held, then that expansion must be taken up in bending in the 
slob with the result that_ the mica will be brought under very 

toS C ° m ^™ slon and 1 shoald think under those circumstances 
that something serious might happen. 

Then there is a question of whether a machine is running 
continuously at this temperature or whether it is running inter 
mittently. In the latter case, of course, you will have the alter¬ 
nate contraction and expansion, with the possible effect of grind- 

the shapTof dust^ 11 ^ ^ d i ss ^P ated into the atmosphere in 

P. M. Lincoln: These Niagara generators were put into com¬ 
mercial operation about twenty years ago. It is almost im- 
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possible to look back over those twenty years and consider the 
tremendous development that has taken place in that time. 
These generators were about four times the size of the largest 
a-c. units that had been made up to that time, and the alter¬ 
nating-current unit which was compared with them was the 
double-frame unit, which Mr. Scott has mentioned, so that each 
half of that double-frame unit was of the order of 1/8 or 1/10 
the size of the Niagara units. That of itself indicates what a 
tremendous advance over the previous art these particular ma¬ 
chines were. 

I was in charge of them for about seven years. I will say that 
I did suspect the temperatures were higher than we were getting 
by the thermometers, but did not suspect they were higher to the 
degree which was actually found and obtained by these tests 
which were made by Mr. Newbury. Our information at that 
time as to temperatures was given us entirely by thermometers, 
and we know now that the actual temperatures which occur 
inside of the machine are very much higher. 

There were many other things about the generators which we 
did not know at that time. One was the method of excitation. 
When the plant was first laid out the exciters were syn :hronors 
converters. A plant excited by synchronous converters must h ave 
some outside method of starting. We had a steam engine which 
had been running some two or three years without shut-down. The 
time came finally, when we absolutely had to shut down the 
machine to get the bearings tightened up. Before the engine 
was dismantled, I made arrangements with the Niagara paper 
mill to get current from them, in case we should shut-down while 
our steam engine was dismantled. Sure enough there was a 
short on the plant and everything went out. It was nearly half 
an hour before arrangements could be made to get enough cur¬ 
rent to start our plant up. Today we would not think of putting 
in a plant to be excited by synchronous converters. 

Another thing which we found out, was the deterioration of 
windings. We felt pretty safe about short circuits because we 
figured the machines would give only 2.5 times full load current, 
and that would not do any harm. It was not until we had a good 
many short circuits on the machines that we suspected we got a 
good deal more than 2 or 2.5 times full load current. On one 
occasion we had a short circuit on a bank of six generators, and 
it was so violent that the bus, a round rod one inch in diameter 
and supported at five feet intervals, was permanently bent out 
of line five or six inches. I figured it would take from 100,000 
to 200,000 amperes to do that. That fixes the instantaneous 
short of these machines as something like 15 to 25 times full load. 

Another thing which indicates more than anything else the 
advance we have made in the twenty years since these machines 
were installed was our improvement in the matter of parallel 
operation. It is a fact we did not know much about parallel 
operation at that time, and wondered if there would be any 
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difficulty in paralleling these generators Wp 
26th of August with the expectationTw.ittag S °°S 
operation test, as only two of the machines were read, n , 
the switchboard attendants got confused and threw'the too™ 

We f ° Und t - he maclunes were in parallel. We won ? 
dered how we were going to get them out of parallel. 

of pulling the switch of one of the machines and letting the load 
stay on the other, we tripped the field circuit breaker! 0 f both 

Seof“ “' et ' US,y “ d ,hen Staited ">> lo»a .tin » 

There was one statement made by Mr Newburv in w 
entation of the paper which I would take exception to He VaTd 
M th. fi mpld heat ’ n S and poling of these machines as indicated 
wi fi ^ r6S ’ P artlcul 5ly F igs- 5, 6 and 7, is due to the l25 
h sses ; 1 N ° V !’ the rapidity of cooling and heating of the machine 
has absolutely nothing to do with the amount of loss- that i<s 
simply a matter of the rate of cooling compared to the mass of 
material m the heated part, and thl machine will amive at a 
given percentage of its final temperature in a given time inde 
pendent of the amount of loss in those parts. I say a given ner" 
centage of the final temperature-of course, theloss doe? Wan 
influence upon the rate at which the actual temperature increases 
and not at which it arrives at a given percentage of its final 
temperature. That is definitely fixed by the mechanical charac¬ 
teristics and ventilation of the parts, and not at all by the amount 
of loss in the machine. um 

F -. ^ P ® ek >J r ; : 1 tk ink, perhaps, it will not be a miss to 
consider collectively, in a general way, some of the principles 
involved m deciding upon the permissible temperature of Sa- 
tion My remarks will apply generally to all apparatus using 
insulations and not to generators alone ® 

ti * n ^tain low voltage apparatus the necessity of using insula¬ 
tion other than air becomes necessary from the fact that a me¬ 
chanical support and a dust and moisture proof cover must be 
supplied. When the voltage is low the dielectric stresses are 
negligible, and dielectric puncture is not possible under normal 

- SUp ?° rt may ’ therefore, be of low dielectric 
strength, but its insulation resistance must be fairly high. A 
crack m the dielectric does not mean failure. 

In apparatus operating at high voltage, and in apparatus 
directly connected to outgoing lines and thus subjected to light¬ 
ning voltages, etc., high dielectric strength and high dielectric 
resistance is necessary. A crack means failure. We have found 
that brittle and. dried-out insulation is dielectrically compara- 
tively weak on impulse and lightning voltage—that it is badlv 
shattered by such voltages.* 

All apparatus directly connected to lines of high power is 
subjected to the mechanical stresses of short circuit. High 

F. W. Peek, Jr., The Effect of Transient Voltages on Dielectrics," 

A. I. E. E., September, 1915. 
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mechanical strength is, therefore, essential in such apparatus. 

It is known that, in general, insulation decreases in dielectric 
strength and insulation resistance as the temperature is increased. 
If the temperature has not been increased above a certain point 
this change is not permanent, but the dielectric strength is 
regained as the temperature is decreased. However, if these 
high temperatures are applied continuously, insulations dry out 
and become brittle and weak. The degree of brittleness, or the 
extent of weakening, depends upon the time of operation at 
high temperature and the type of insulation used. Insulation 
in this brittle state may be suitable in low voltage apparatus 
not subjected to lightning, or in apparatus where the mechanica, 
strains are small. It is not suitable in high voltage apparatus. 

If insulation temperature is carried to a still higher point thr 
insulation may become carbonized or deteriorate in some wayl 
so that it is unfit for use. 

# A review of the characteristics of the insulation, and of the 
different operating conditions, noted above, shows that the opera¬ 
ting voltage, power, possible abnormal voltages, mechanical 
strains, allowable rate of depreciation, etc., must all be con¬ 
sidered in determining the temperature rating of any given 
apparatus. Naturally, the one reason for considering the opera¬ 
tion of insulation at very high temperatures, is the possibility 
of reducing the cost or of increasing the output of some particular 
apparatus. In this respect the insulation temperature is not the 
only determining factor—the whole design must be considered, 
otherwise the possible saying may be greatly over-estimated. 

The question of insulation temperature is, therefore, not one 
that can be definitely settled without the consideration of what 
the apparatus is, where and how it is to be used, the operating 
voltage, etc.^ Data like those given in Mr. Newbury’s paper 
will help to decide these questions, in a practical way. A tem¬ 
perature of loO deg. cent, for the voltage and for the particular 
conditions imposed in this case is undoubtedly safe as has. been 
shown by Mr. Newbury, and others in the discussions. Such 
a temperature is desirable if a saving in. cost, which cannot be 
better accomplished m other ways, results. 

vr T \?' F t° wler J , There is j ’ ust one question I would like to ask 
Mr - Newbury before we close, and that is in reference to Table 
1A. ^ io what part of the windings do the temperatures therein 


There is another point which it appears to me might be well 
worth, while looking into, and that is the question of tempera- 
tee rise as given for the length of service of 100 hours in the 
atter part of that Table IX. Mr. Newbury gives it as 245 deg. 
to Zbo deg Probably a temperature of 250 deg. would be the 

SShT th ff len ^ h of Service of !00 hours wouM 
probably be split up into a large number of small periods in 

titedT^’b W °T bC the apSX ° f 100 hours rat her than sus¬ 
tained periods, and consequently the temperature would not 
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follow the current exactly, of course, and would orohahU- 
reach a value of more than 250 deg. P ° bl} ' ever 

W. L. Waters: There is one point which, though not covert 
by the paper, has been touched upon, and that is il reird to tW 
general advisability of the use of mica insulation. The general 
opinion as shown m the discussion seems to be that micaSf 
tion is something new. As a matter of fact mica was about the 
oldest type of insulation which was tried. The earliest cm™!, 
machines thirty-five years ago had mica insulation; and there are 
quite a number of firms who before and after the paS 
generator described in the paper was built, attempted to use mica 
insulation commercially. The obvious explanation as to why 

th ^J a, !® d 1S that ™ ca has , ver y little mechanical strength. It is 
a difficult material to manipulate as slot insulation The Nit 
gara generator with two bars per slot and the bar end connections 
insulated practically with air, is an ideal condition for mica and 
there is no question that an extremely good mechanical ’ and 
electrical job can be made on the armature winding of such a 
tures Lme " wblcb wou ^ ' 3e suitable for operation at high tempera- 

As Mr. Torchio pointed out, it is quite different when hivh- 
voltage wire-wound armature coils with conductors | inch sauare 
are considered. Such a winding has not the required rigidity 
and as the end connections are practically unsupported trouble 
is liable to occur due to the mica cracking on account of vibra- 
trnns or shocks resulting from lack of balance or short circuits. 

efore mica insulation can be considered commercially feas¬ 
ible on these high-tension wire-wound armatures, we reauire 
some information as to the actual experience of manufacturers 
with such generators. . Mr.’ Newbury is probably in a position 
to give data on this point better than anyone else on account of 
his experience in the last few years with mica insulation- and I 
think we would be indebted to him if he would give us informa- 
tloa as actual operating results obtained in such cases. 

Cnarles F. Scott: If I remember correctly, the machines were 
guaranteed to have a rise in temperature not exceeding 50 deg 
We found they did have 55 deg. We looked that matter up 
carefully, ^ ie a * r vanes anc ^ blowers were changed and ad¬ 
justed, and so on, and a careful measurement made, and we got 
down from 55 to 49f, or thereabouts, which was considered safe, 
and it was accepted. If any one had supposed that we got down 
lro i L1 dr} 0 would have been very much surprised. 

a:' Stevenson: With reference to the disintegration from 
tne effects of the heat on the binder in the mica, I would like to 
ask if any of the members know of any other binder besides the 
particular binder that has been spoken about—some binder that 
will stand a good deal higher heat than 250 deg., somewhere 
around 500 or 600 deg.? 

F. D. Newbury: In answer to the question asked by Mr. 
otevenson, I do not know of any binder that can be used at 
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temperatures of 500 to 600 deg. cent. To apply mica wrapper 
tightly the binder must be sufficiently fluid so that the mica split¬ 
tings can slide on each other. There are binders that will stand 
higher temperatures than 200 deg., but I do not believe they can 
be used in the application of mica insulation to armature coils, 
which, as several speakers have brought out, is not a simple 
process. 

Mr. Waters asked about the comparative behavior of a coil 
made up of a large number of fine wires and one consisting of a 
solid bar. Armature coils consisting of wires, say J- in. square, 
with each wire separately insulated with mica tape, and with the 
several wires. cemented together with a binder having a high 
temperature limit, have been constructed for numerous machines 
so that the complete coil has been very strong and rigid. In the 
large turbo-generators with which I am familiar such. windings 
for high-voltage generators are practically as rigid a-s the low- 
voltage bar windings of the old Niagara generators. 

The behavior of mica insulation when subjected to high tem¬ 
peratures under short-circuit conditions has been questioned. 
It has been suggested that the conditions in this respect were not 
severe in these early machines. Mr. Lincoln brought out the 
fact that very severe short circuits occurred during the operation 
of these generators. As a matter of fact, in some later ma¬ 
chines of our design, installed in the same plant, a much larger 
number of slots was used, with the result that the bars were 
thinner and weaker. In these machines the windings failed 
utterly under the severe short circuits that occurred; that is 
they failed until the ends of the bars, where they left the slots’ 
were rigidly braced. The mechanical shocks which this winding 
has sustained in operation have been very severe. & 

Mr *[ owler asked a question in regard to temperatures in Table 
IX. They were measured by thermocouples in contact with the 
copper of the bar nearest the air-gap and at a point midway 
between the ends of the bar. He also pointed out that 
the temperature results for the maximum load between 1000 
and 1100 amperes should not be given much consideration 
I agree they should not, but not for the reason he advances. 

I Hey shoud not receive undue consideration because the aggre- 
gate time of operation is so short. The load on the generator, 
when it did change, changed relatively slowly, and it will be 
noticed on the curves that the change in temperature follows a 
change mload very rapidly, so that I think whenever currents 
between 1000 and 1100 amperes are recorded temperatures 
between the hmits corresponding to these loads actually existed. 

Mr. Lincoln took issue with a statement I made in my intro¬ 
ductory remarks concerning the reason for the rapid rate ofheat- 
mg and cooling occurring m this generator. I believe the complete 
statement m the text is correct. “ The very rapid rate of heating 
and coohng of the winding shown by all of the graphical logs is 
due to the concentration of large losses in a small volume of 
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material and to the relatively low core temperature In a 
ern generator of this size and voltage with a better' n J? d " 

of losses, the difference in temperatarTme^aS*Lwl bUt -? n 
and that measured between coil and core will be as a rule m 1 / 5 ’ 
15 deg. instead of 50 deg., as in Fig. 5, and, conseq^h £ 
more modern umts the heating and coolin* curves of • I 
mg and core will very nearly%oincide”O?7om2the wmd- 
tilation also affects this rate, but in the Niagara generator^ Tho 
ventilation is fairly good. The rate of heating Ind Sd L S 
measured m degrees per minute is what I referred to ! 

the time required to reach a certain percentage of the final tan 
perature, as referred to by Mr. Lincoln. & nml tem ~ 

Mr. Fisken referred to the possibility of the safe 
being limited by the linear expansion. It is true that this mav 
prove to be a limit with very high temperatures but this is not 

rM 7 t m b K the cas ® Wlt j 1 t maximum temperature of 150 deg 
It should be remembered that when high temperatures exist £’ 
the armatures of large machines they exist only locally so that 
throughout the entire length of the bar the average temperature 
mil be much below the highest point and the total ex^S 
of course will depend on the average temperature P 
Several of the speakers brought out the point that mica is not 
the only insulation that can be used when high temperatures 
are not involved. I did not mean to convey that impression 

There are, however, certain cases where high temperatures are 
inevitable, and in such cases mica is the only material that S 
meet the conditions. As Mr. Erben pointed out, there are classes 
of machines where the expense of mica is not warranted It is 
poor engineering to use an expensive material where the lower 
cost material will do the work, so that there is no intention in 
presenting this paper to put forward the proposition that mica 
is a universal insulation. 

It was also. not intended to advocate temperatures above 150 
deg. for continuous service.. I do, at the end of the p'aper ask 

th fn “^ justify such an assumption, and’per- 
sonally I believe that higher temperatures, will, with theac- 

wf Hif +■ ° f + m fif e data ’ be , found permissible, but I do not 
believe that at the present time we have the data that will 
Shf 16 Standards Committee in going to higher temperatures. 
Probably all designers know of machines in which they believe 
very high temperatures exist, but until they have experimental 
data showing that they do exist, it is impossible for other 
engineers to accept such cases as evidence. 

Mr. Foster pointed out a discrepancy in temperature results 
shown m Table VII m the tests of 10/3/14 and 2/13/15. The 
resuits of the tests of Feb. 1915 were higher than in the previous 
tests. It should be remembered that these tests were made at 
.intervals of several months and the windings were changed 
between tests, so that some differences are to be expected. But 
e curves in Fig. 8 and Fig. 9 were plotted as the average of all 
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the tests, not.as the maximum temperatures from a single test. 
The figures given in Table IX also represent these average 
results. 

I was interested in the point Mr. Torchio made, that a certain 
generator would be capable of carrying a certain large increase in 
load if temperatures equal to those of the Niagara generators 
were reached. Mr. Foster also mentioned this possibility in 
connection with large frequency changers. It is desirable to 
emphasize the fact that temperature is only one of many limita¬ 
tions to capacity. In any particular generator, to obtain a rating 
consistent with these Niagara temperatures, it is probable that the 
magnetic circuit would have to be increased, the exciting voltage 
would certainly have to be increased, and as I have pointed out, 
the temperature limit in the field windings of large high-speed 
generators is imposed by the increase of resistance rather than 
by the characteristics of the insulation; that is, if 100 deg. cent, rise 
is greatly, exceeded the increase in resistance and loss is so great 
that the increase in ampere-turns, for even a large increase in 
exciting voltage, is very small. For example, with an initial field 
temperature rise, by resistance, of 100 degrees, the field tempera¬ 
ture would have to be increased to 200 degrees and the exciting 
voltage increased by 60 per cent to obtain an increase of only 
25 per cent in exciting ampere-turns. 

I also wish to emphasize the point that these high temperatures 
a,re not generally used to increase the rating or to decrease the 
size of machines. Where they have been used, certainly up to 
the present time, they have been a necessity due to the propor¬ 
tions of the machine. This is particularly true in large turbo¬ 
generators, in which high temperatures are a necessity if the 
highest attainable steam economy of the turbine is to be realized. 

I have been gratified that so many of the speakers have agreed 
■ftith the recommendation for a somewhat higher allowable 
temperature for mica insulation. There was one note of dissent 
trom Mr. Wood. He argued that this increase should"not be 
made, because certain breakdowns have occurred, if I remember 
his communication correctly, even with our present limits and 
that to jeopardize continuity of service for theoretical reasons 
is unwise. This recommended change is based on anything but 
theoretical grounds It is the result of long years of experience 
that has led to a feeling on the part of some operators and most 
designers that these high temperatures have existed. Within 
the past two or three years we have been able to get at the real 
tacts as to internal temperatures, so that this recommendation 
is the result solely of practise. We now know that these high 
temperatures have existed, and, in this case, have existed for 
twenty years. Therefore, we can safely continue to employ 
them. It is not a change; it is what we have been doing, only 
now we have found it out. J 
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THE PRINCIPLES AND SYSTEMS OF ELECTRIC MOTOR 

CONTROL 


BY C. D. KNIGHT 


Abstract of Paper 

There is hardly anything which stands out so prominently 
to-day m pur industrial activities, as the efficiency obtained by 
dnv ! ng of finery. The duty or performance 
cycle 01 the motor naturally depends on the controlling ap¬ 
paratus, and the writerafter describing several types of resist¬ 
ance, endeavors to explain the various forms of magnetic control 
m vogue to-day for both d-c. and a-c. motors, hoping to bring 
out a full discussion on the merits of each, also regarding the 
characteristics embodied in contactor or magnetic switch design. 


OF the main reasons why the electric motor has been 
able to supersede, so generally, the steam and gas engine, 
where power is required for various industries, is the fact that it 
is more easily controlled. It is not within the scope of this 
paper to describe all the industrial applications of motors and 
control, as each industry is a problem in itself, but rather in 
a general way to show the accepted methods and principles 
involved in the present-day control practise. 

As the resistor is the basis of nearly all control devices, we 
will consider for a moment the different types, stating the limita¬ 
tions of each. 

The tube type unit consists of a tube of preferably fireproof 
insulated material on which the resistance wire is wound and 
generally coated with some heat-conducting material to equalize 
the heat distribution over the whole surface. This type of unit 
is used where high resistance is required and where the current 
per unit does not exceed approximately 30 amperes. 

The bar type unit consists of a tube flattened or an iron bar 
insulated with asbestos or other fireproof material, on which the 
resistance wire is wound and generally coated with some heat- 
conducting material. This type of unit is used where high 
resistance and low current is required, but is less efficient than 
the tube type unit, because considerable heat is dissipated from 
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the inside of a tube type unit, while with a bar type all of the heat 
must be dissipated from the outside. 

The ventilated wire type unit consists of an insulated support 
on which the resistance wire is wound so as to allow free ventila¬ 
tion of air around the conductor itself. The resistance which 
can be obtained by this construction is limited by the mechanical 
strength of the wire in case of high resistance, and by the stiffness 
of the conductor for low-resistance units. The current capacity 
of units of this construction varies between, approximately, 5 
and 30 amperes when the resistance material is round wire, and 
may be as high as 80 amperes when the resistance material is in 
the form of ribbon. 

The edgewise type unit consists of a conductor of narrow rib¬ 
bon wound edgewise on a suitable mandrel, after which it is 
dipped in a thin mixture of fire clay or other fireproof insulating 
material. The turns thus become coated with the insulation 
and the unit is then baked until all moisture is removed. The 
different values of resistance are obtained by using conductors 
of different cross-sections and different materials, and a range 
of current capacity from, approximately, 2 to 60 amperes may 
be obtained. 

The plate type unit consists of a molded plate of insulating 
material in which are imbedded the resistor wire and the contact 
buttons connected thereto, these buttons projecting through the 
surface of the plate so as to make contact with the switch arm 
which passes over them. 

The cast-iron grid unit consists of a special grade of iron of 
proper shape to secure mechanical strength and at the same time 
to obtain considerable length. Various resistances are obtained 
by changing the cross-section of the unit, and also by changing 
the length. Because of the size required for mechanical strength 
the maximum resistance per unit is very low. The usual range 
in resistance per unit is from 0.2 to 0.005 ohm with a current 
capacity varying from 20 to 150 amperes. In designing a line 
of cast grid resistance units, the ratio of perimeter to cross- 
section should be as large as possible in order to obtain the max¬ 
imum radiating surface. 

A resistor limits the current in a circuit by transforming a 
portion of the electrical energy into heat, which may be stored 
temporarily m the resistor but is ultimately dissipated to the 
surrounding medium, which is usually the atmosphere. When a 
resistor at atmospheric temperature is connected in a circuit, 
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so as to carry current, it absorbs energy which is manifested as 
heat. As this absorption of heat causes the temperature of 
the resistor^ to rise, the difference in temperature causes the re¬ 
sistor to dissipate heat to the surrounding medium. If the 
current is maintained constant for a sufficient time, the tempera¬ 
ture of the resistor will rise to a value sufficiently above the sur¬ 
rounding medium so that the heat can be dissipated as fast as 
developed. The property of absorbing energy by storing in 
the form of heat in the resistor, is referred to as the thermal 
capacity of the resistor. The property of dissipating absorbed 
energy by transference of heat to the surrounding medium is 



TIME IN MINUTES . TIME IN MINUTES 


Fig. 1—Heating and Cooling Fig. 2—Heating and Cooling 
Curves of a 0.22-Ohm Grid Re- Curves of a 0.02-Ohm Iron Grid 
sistance Unit Resistance Unit 

often referred to as radiating capacity. (Actually, of course, 
this dissipation of heat is a complex process involving convection, 
radiation and, to some extent, conduction.) 

As heat cannot thus be dissipated except by an increased 
temperature of resistor above the surrounding medium, and as 
the temperature of the resistor cannot be raised except by storing 
heat in it, it follows that all resistors have, to some extent, both 
thermal capacity and dissipating capacity, although the relation 
of these two characteristics differs in units of different design. 

For instance, Fig. 1 shows the heating and cooling curves for 
a grid rated at 22 amperes at 200 deg. cent, and 28 amperes at 
350 deg. cent, rise, while Fig. 2 shows the heating and cooling 
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curves of another grid unit rated at 100 and 130 amperes at a 
temperature rise of 190 and 300 deg. cent., respectively. As 
the material of the units is the same, the units have relatively 
the same thermal capacity. 

The only advantage of a unit with high thermal capacity over 
a unit with low thermal capacity is that it can carry compara¬ 
tively infrequent heavy loads of short duration. But as a unit 
with high thermal capacity will take longer to reach final temper¬ 
ature, it will also take a correspondingly longer time to cool 
down to room temperature after the circuit is opened, so that 
where frequent overloads are liable to occur, a unit with ad¬ 
ditional dissipating capacity must be used. 

With reference to temperature coefficient, the ideal resistor 
for most motor controlling apparatus would be one with a zero 
value. There are certain types of wire that practically contain 
this feature. In the case of cast iron, the temperature co¬ 
efficient is 0.0007, which from a practical point of view is satis¬ 
factory when operating within normal temperature conditions. 

The danger point is reached when a material is used with an 
extremely high temperature coefficient, which would cause the 
resistance to increase to such a value that when frequently 
starting a heavily loaded motor, the amount of current allowed 
to flow would be insufficient to permit it to accelerate. This 
might cause the resistance to burn out, and is a condition which 
must be very carefully guarded against. Under these cir¬ 
cumstances the operator can cut out steps of resistance until 
sufficient current flows to start the motor. 

This will naturally leave very few points for accelerating, and 
under some conditions, it might result in opening the protective 
evices, or if they were set too high, a flashing over of the motor 
might result. 


Manual control, consisting of either dial-type rheostats or 
drum controllers, was considered satisfactory for nearly all re¬ 
quirements of electric motor control until a few years ago In 
recent years, for motors of large size requiring a more or less 
complicated control, and for motors which must be started, 
reversed or stopped very frequently, it has become necessary to 
use contactors and auxiliary devices, which have to a large extent 
replaced the hand control apparatus. 

- T ^ e dial type rheostat and drum controller are comparatively 

and r e r 11 kn0Wn ’ S0 that a descri Ption is hardly 
necessary. We will consider briefly the different methods used 

to obtain automatic acceleration by the use of contactors 
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r The contactor, or magnet-operated switch, is the basic device 
of almost all automatic motor control systems. Though motor 
and solenoid-operated dial switches, liquid rheostats, and othe^ 
types of self-operated control mechanisms find certain specific 
applications, contactor control is the type generally employed 
especially where severe service is demanded. 

Contactor control is largely used with the motors operating 
steel mill machinery, ore bridges, large cranes, hoists of all kinds'* 
reversing planers and other machine tools, printing presses’ 
railway cars and locomotives, and in fact with almost all applica¬ 
tions of the electric motor to intermittent duty where the burden 
of the service is thrown on the controlling apparatus. This of 
course, means that the contactor must be equal to such service 
with a reasonable amount of attention and occasional renewal 
of. wearing parts. 

The essential and common parts of all contactors are: contacts 
blow-out, magnet, frame and pivot bearings. 

The Contacts. Experience has shown that the best practise is 
to use solid copper contacts on which the current is both carried 
and ruptured. The contacts should close with a slight rolling 
motion to prevent the first rush of current from welding them 
together. Two heavy copper contact tips, backed by a sufficient 
spring pressure, will carry a surprising amount of current and 
furnish the best arc-rupturing means when placed under the 
influence of a suitable magnetic blow-out. 

Carbon or other auxiliary contacts serve no really useful pur¬ 
pose on contactors which are subjected to severe and constant 
duty. In fact, they only complicate the construction of the 
device and add to the possible sources of trouble. 

Laminated brushes for carrying current are also a source of 
trouble and can be profitably used only on contactors of such 
large capacity that the solid copper contacts will not carry the 
curient. Such large contactors (above 1000 amperes) are not 
often called upon for such frequent operation as the smaller sizes. 

The Blow-out. The blow-out .coil is in series with the circuit 
through the main contacts and the latter are between the poles 
of the blow-out. This part of the contactor demands very careful 
design, as the instant suppression of the arc., forcing it out in 
the right direction and without injury to the insulation, is of 
prime importance in the life of the device. 

. The Magnet. The requirements as to the magnet are that it 
will, when energized, not only promptly and positively close the 
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contacts, but will do this on a range of voltage which may be 
anywhere from 20 per cent below to 10 per cent above normal, 
(these percentages apply to industrial work. The variation is 
considerably greater in railway service). The coil must be, 
tor the sake of economy, made as small as possible to do its work 
and as any number of voltages and frequencies (if a-c.) enter into 
the problem, it can be readily seen that the design of the magnet 
tor any contactor entails considerable study. • 

The insulation of the winding must stand considerable heating 
and the coil should be impregnated against the attacks of mois¬ 
ture, acid, etc. 

A shunt contactor magnet should preferably be designed to 
stand continuously across the full control circuit potential. 
It is possible to “ soak ” the coil and then introduce by means 
of an auxiliary^ contact a resistance in series when the contactor 
is closed. This added complication, however, is a weakness 
which experience has shown should be avoided. 

. Frame. The contactor frame is designed with the follow¬ 
ing factors m view: Mechanical strength, capacity for the mag¬ 
netic flux developed by the coil, permeability of the core and 
m the case of a-c. contactors, laminated structure. It is of 
course, essential when the coil is de-energized, that the magnetism 
breaks down instantly and permits the contactor to open in the 
quickest possible time. 

Pivot Bearings. The nature of service necessitates having 
bearing pins m the mam pivot of the moving member and in the 
pivots of the contact tips. These parts should be readily remov¬ 
able for inspection and repair. In fact, all parts of the contactor 
are so put together as to permit quick taking a part and equallv 
quick reassembly. 

Auxiliary Parts. These are mechanical interlocks with other 
contactors, electric interlocks and other auxiliary contacts 
cuxrent-limit interlocks, shunts for the pivots, terminals, etc! 
All play a part m the determination of the design of any contactor. 


Various Types of Industrial Contactors 

, D ' C ' Shunt Contact °>’• This, as the name implies, is operated 
y a magnet connected across the control circuit, which is usually 
the same as the circuit on which the motor operates. Shunt 
contactors are used as line contactors, also for accelerating in 
which latter case they are brought into action by means of 
current-limit relays, time-limit relays, or some kind of pilot 
controller. F 
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Shunt contactors provided with adjustable air gap are used 
for accelerating with their magnets connected across the motor 
terminals. 

Series Contactors. These are provided with a series coil only 
and are so designed that the contactor will hold open above a 
predetermined current setting and will close as soon as the current 
falls to or below that value. Series contactors are used for 
accelerating points on d-c. motor control. They cannot be used 
for partial speed control by means of a master controller as their 
coils are in circuit with the motor armature. 

A-C. Contactors. A-c. contactors are generally operated by a 
coil connected across the control circuit, which is usually taken 
from one phase of the circuit if polyphase. On two- and three- 
phase circuits double-, triple- and four-pole contactors are em¬ 
ployed, energized in each case by a single magnet. For high- 
voltage service, a potential transformer is used to reduce the 
voltage of the control circuit, as the coils cannot feasibly be 
designed to operate directly on voltages above 550. 

For automatic acceleration, a-c. contactors are connected 
electrically with current-limit or time-limit relays which insure 
proper sequence and limit the rate at which the acceleration is 
accomplished. 

For voltages exceeding 1000, two types of contactors are used: 
either the air-break or oil-immersed. 

Air-break contactors have been developed for heavy duty, 
such as mine hoist operation, for which in some cases they are 
called upon to operate once or even twice every two minutes 
under the most severe conditions. This type has been designed 
and operated up to 6600 volts. See Fig. 3. 

For infrequent operation, oil-immersed contactors are in 
successful operation at potentials as high as 3300 volts. *W here 
employed on heavy duty cycles the carbonization of the oil is a 
great handicap, making it necessary to replace it frequently, 
adding greatly to the operating expense. 

For d-c. motors, several methods of automatic control are 

used, as follows: 

Counter Electromotive Force 

This method of control is more satisfactory for use with shunt 
than with series motors because the counter e. m. f. of the latter 
depends upon the current as well as the speed, and it might be 
possible, if the motor is starting under heavy overload, to obtain 
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sufficient counter e. m. f. to close all the contactors before the 
motor has had time to accelerate properly. ' 

The proper closing of the contactors used to short-circuit steps 
of starting resistance is accomplished by connecting the contactor 
coils in multiple across the armature, the contactors being ad¬ 
justed to provide different air gaps between the core and the 
armature of the contactors in the open position. 

As the motor accelerates, the contactor having the smallest 
air gap will close first, shprt-circuiting a portion of the resistance, 
which continues the acceleration of the motor. As the counter 
e. m. f. increases, the next contactor will close and this is repeated 
until all the resistance is short-circuited. Sometimes instead 
of adjusting the air gap between the core and armature, contactor 
coils are used which have different ampere-turns. A typical 
connection for counter e. m. f. control is shown in Fig. 4. 



Fig. 4 —Counter E. M. F. Method of Control 


As the counter e. m. f. of a shunt motor varies directly with 
the speed for a given field strength, it is necessary that the speed 
be fairly constant in order that the contactors will operate 
properly. ■■■■ ". 

Current-Limit Method of Control 

There are two general methods of obtaining current-limit 
acceleration, one using one or more current-limit relays, which 
control the closing of accelerating contactors, and the second 
method using series contactors, which combine within themselves 
the functions of current-limiting relay and accelerating contactor. 

The first method, as generally used for d-c. motor control, 
depends on current-limiting relays, which may be mechanically 
connected to the contactors sO that after the contactor closes, 
its relay is released for operation after the armature current has 
dropped to a predetermined value, due to acceleration of the 
motor. Fig. 5. -■ ' . , ? 



1915] 


KNIGHT: ELECTRIC MOTOR CONTROL 


2789 


Series contactors, so called because the contactor coil winding 
is in series with the motor armature, can only be used for the 
accelerating points, making it necessary to close the main circuit 
by means of a shunt-wound contactor, knife switch or equivalent. 
Fig. 6. This method has all the advantages of the current- 



Fig. 5 —Current Limit Control Using Series Relays 

limit relay scheme, using individual current-limit relays, and 
the wiring is much more simple, as shown by reference to the 
wiring diagrams. 

For a-c. motors, different methods of control are required, 
depending on the type of motor. 


Starting Resistance 



Shunt Field 

Fig. 6 Current Limit Control Using Series Contactors 

Squirrel Cage Type of Motor 
The proper starting current is obtained by reducing the pri¬ 
mary voltage impressed on the motor/ by means of a resistor or 
an auto-transformer. A resistor transforms the energy of the 
excess voltage required for starting the motor into heat, while an 
auto-transformer acts as a step-down transformer with very 
*See A. I. E. E. Transactions, Vol. XXX, 1911, pp. 1522-25, 1538-40. 
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little loss of energy. On the auto-transformer (compensator) 
coils are provided with several taps to give different starting- 
current values. Two coils are used for two-phase motors and 
two or three coils may be used for a three-phase motor. For 
automatic control using either a resistance or an auto-transformer, 
contactors are used for first connecting the motor to the line 
through the starting element, and after the motor has accelerated, 
the second contactor is closed, connecting the motor directly to 
the line. 

All sizes of motors require but one starting point because of 



sistance Type Self-Starter Limit Control of Auto-Trans- 
for Two-Phase Squirrel Cage former or Compensator for Use 
Motor with Three-Phase Motor 

the fact that any voltage which will start the average low-resis¬ 
tance motor will bring the motor nearly to normal speed. Either 
a time-limit or a current-limit relay may be used to energize 
the second contactor. Fig. 7 shows the wiring of a resistance 
starter, and Fig. 8 the wiring of an auto-transformer. 

For use with 2200-volt motors, the contactors are immersed 
in oil to provide better insulation and to help rupture the arc. 
A potential transformer is used to reduce the voltage of the con¬ 
trol circuit and a current transformer for operating the time¬ 
limit or current-limit relay. 
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Slip-Ring Type of Motors 

These motors are started by means of a resistor connected 
to slip-rings on the motor shaft, which in turn are connected to 
the secondary circuits of the motor. 

. As a £ eneral rule, both two- and three-phase motors are de¬ 
signed with a three-phase secondary and the resistance per phase 
is divided into steps, the number depending on the size and ap¬ 
plication of the motor. 

The closing of the accelerating contactors which short-circuit 


L3L2L1 



Fig. 9 Connections of Contactor Panel for Use with Three- 
Phase Slip-Ring Type Motor 

the resistance in the secondary circuit is generally controlled 
by means of two, or more, current-limiting relays, except in the 
case of small motors requiring but one step of resistance, where 
but one relay is necessary. Fig. 9 shows the connections of a 
four-point starting panel. 

For use with 2200-volt motors, the primary contactor is im¬ 
mersed in oil to provide better insulation and arc rupturing 
capacity. A potential transformer is used to reduce the power 
circuit voltage to 500 volts or lower. 













2792 


KNIGHT ; ELECTRIC MOTOR CONTROL [Dec. 10 


Time Limit Method op Starting 

Another method sometimes employed for starting both d-c. 
and a-c. motors makes use of some form of time-element device 
for governing the time required for cutting the starting resistance 
out of circuit. This may be a solenoid-operated switch retarded 
by a dash pot or its equivalent, or it may be a motor-driven 
switch. For small and medium size motors, the switch will 
handle the motor current directly and for large motors the switch 
is used as a master switch for energizing the coils of magnet 
switches or contactors. This method of starting is recommended 
for use with motors liable to be stalled or to become overloaded 
during the starting period, such as a plunger pump liable to 
become clogged or frozen, where, with the current-limit type of 
starter, the current would not fall to the point where the next 
accelerating contactor could close, but with a time-limit self¬ 
starter the fuses or circuit breaker would open after the starting 
resistance had been cut out. 

Dynamic Braking 

One very important feature peculiar to the d-c. motor is the 
possibility of operating the motor as a generator for quick stop¬ 
ping or for limiting the lowering speed when overhauled by a 
suspended weight as in crane service. For this purpose a re¬ 
sistor is connected in the armature circuit, which dissipates the 
stored energy as heat. This method is called “dynamic braking. ” 
For quickly stopping an a-c. motor use is sometimes made of 
a low-voltage direct-current circuit, which is connected to two 
of the primary phases, after the motor has been disconnected 
from the line. The more usual method called ‘‘plugging” is to 
reconnect the motor and apply power in the opposite direction, 
but the circuit must be opened as soon as the motor has stopped 
or the motor will run in the reverse direction. 
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Discussion on “ The Principles and Systems of Electric 
Motor Control” (Knight), New York, December 10 
1915. ’ 

Bassett Jones: It seems to me that Mr. Knight makes manv 
statements as though they were indisputable facts, that are really 
subjects requiring careful determination in each case of control 
application. My experience with controllers has led me to 
the conclusion that the question of copper vs. graphite contacts 
is of this nature. The answer, it seems to me. will depend upon 
the mode of operation of the motor control and the character 
of its service. Nor do I believe that it is always essential that 
a multiplicity of separately operated contactors be employed. 
There are other statements in the paper which are open to the 
same form of question. 

My experience with motor control has related largely to 
building equipment. In a building such as a hotel, for instance, 
motors will be used for all kinds of services. In some cases 
series motors are advisable; in some cases compound-wound 
motors give the most advantageous service, and in many cases, 
shunt-wound motors have characteristics which are pec uliar ly 
useful and these motors have a large range of sizes in the same 
installation. Usually the architect writes the specification which, 

in all cases, does not even indicate more than the mere fact 
that. a motor is required. Such specifications are turned over to 
heating and plumbing contractors, etc., who proceed to purchase 
motors and controllers where they can best do so from the view¬ 
point of first cost. They will buy motors from one manufacturer 
and not always of the same type, and controllers from other 
manufacturers and not always of the same make, so that in 
most buildings there is an extraordinary diversity of motors 
and controllers, and in instances this diversity even occurs in 
the case of motors and controllers used for similar purposes. 
The result is that great confusion exists. The wrong type of 
motor is frequently purchased and the wrong type of controller 
for this motor and the. service which it has to perform, so that 
it is rare to find an installation in which continuous trouble 
does not occur in one form or another. The electrician at the 
building has to carry a stock of supplies for each make of control¬ 
ler and each make of motor installed, and he is very rarely prop¬ 
erly instructed so that he can purchase the right sort of material 
and renewal parts. 

That this is not an exaggeration can be indicated by one of 
many instances with which I am familiar. This case involved 
a centrifugal pump working under intermittent service on closed 
house tank duty with 160 ft. head and a check valve placed in a 
discharge line. The equipment was not provided with any 
automatic by-pass or any device to take care of the reduction 
in head should fire connections be taken off below the tank 
level. The pump was operated by a three-phase 20-horse power 
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squirrel cage motor which was controlled by an unbalanced 
resistance starter. There were three material defects in the 
system; first, the arrangement of the piping was wrong; second, 
the type of pump for the duty required was wrong; third, the 
type of motor was wrong; and fourth, the controller was of 
the wrong type to use with this motor under the conditions 
under which it had to operate.. A fifth error was in the wiring 
of the controller, which was so connected that in addition to 
having but two resistances in two of the three phases, the resist¬ 
ances themselves were unbalanced. The result was that when 
the motor started automatically, its in-rush current was some¬ 
what over seven times its running current, resulting in an extra¬ 
ordinary disturbance in the service lines, which indeed was 
felt as far away as the central power station, fifteen miles from 
the motor installation, and caused a slowing down of all of the 
a-c. elevators in the immediate neighborhood. 

This entire trouble could have been avoided if the proper 
specifications had been drawn for the equipment or even if a 
httie common sense has been used in purchasing the ma terial. 
The plumbing contractor who made the installation cannot be 
blamed, for he was not familiar with electrical appliances. 

. The moral to. be drawn is that the manufacturers do not 
issue the proper information in such form that men such as this 

contractor can avoid such difficulties. 


i have studied most of the literature on controller and motor 
applications issued by manufacturers, and have yet to find any 
material of this sort that gives the right kind of instructions for 
the selection of motors and controllers and for ordering them 
1 came to this meeting tonight with the hope that I would 
hear something said that would tend to alleviate this difficulty 
and I find the representative of one manufacturer making 
emphatic statements with regard to the details of controllers 
which are immediately and quite as emphatically denied by 
the representative of another manufacturer. As a matter of 
act, I consider both of them are more more or less righf but 

' 1 0f the . d ^ cuss i on ..m its effect on those who are frying 
to purchase controllers, is disastrous ^ ® 

Edwin J. Murphy: While hearing Mr. Knight's naner read T 
noted several, points that might be brough? out p relates 
to the limnations of manual control as compared with magnetic 
a ?i r ° u 1 *? ave in mind the ra Pid evolution in the Sav 

that’ the^ tlUd ?° ntr01 reached its imitations. I believe 
^ type controllers ever built were used in 

o b? hSS LnfZ t , U ” neI wherTfhe potlr 

oe nanaiea required an enormous controller The limit tn 

J® ° ma ?? ally °P erated controllers would be set bv the 
f aT Zfa Strength and endurance of the operator This oarticu 

£ue^requently°reimrsed! :ee ixi n sucb^ era T^ S ’- w l le f e in the^motors 
imperative to adont tl-io ,• cations it is practically 

contactom P the magnetlC ty P e of control using the 
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Referring to the design of such contactors, a great deal de- 

thes^de^Wc^ 6 dUt7 i0 J Whicl i they are rec 3 uired > and while 
Ivrn'u t0 S ° m v ? xtent perform the functions of the usual 
S » breaier ’ a , sat f : factory design of the latter would not be 
suitabie as a contactor. I refer particularly to the contacts. 

S o JS T Ult brea + ker iS equip P ed with a brush contact 
l - th current m conjunction with carbon arcing 
contacts. This arrangement is entirely satisfactory as a safety 

evice and m most cases circuit breakers are not operated more 

Ire ent,VebvHi-ff eek ; ^ operatin g conditions for contactors 
are entirely different and far more severe. 

In many applications the contactors must open and close 
neavy currents many times per minute for long periods. We 
have found that solid copper contacts are best adapted for severe 
operating conditions and that brushes wear out and give trouble 
under similar conditions; this also applies to auxiliary carbon 
arcing contacts, with added objection due to the fragility of the 
material. Very massive carbon contacts can be used in certain 
special applications where the normal current of the motor is 
small with high accelerating peaks of short duration. The ex¬ 
tremely high resistance of carbon is one of the practical limitations 
m this case. Carbon contacts are frequently used in elevator 
control where conditions are favorable. 

Mr. Knight mentions the magnetic blow-out used in contactors 
and points out the necessity of keeping the arc away from the 
insulating plates of the chute, which otherwise would be quickly 
destroyed. It may be interesting to note that the sound accom- 
panymg the rupture of heavy currents will indicate the efficiency 
ot blow-out m this respect. An inexperienced person would be 
led to suppose that a sharp report would mean that the circuit 
was rapidly opened, hence efficiently. This sharp report reallv 
means that the arc has been blown against the chute or baffle. A 
dull roar of relatively short duration shows that the blow-out is 
arcing properly. With direct current, the first-mentioned noise 
may be compared to the sharp crack of a rifle; but a noise like 
the discharge of a shot gun indicates proper action. 

I agree with Mr. Knight concerning the design of contactor 
magnet coils that require auxiliary series resistance. This 
arrangement means extra interlock contacts and adds another 
complication and possible source of trouble. 

Referring to the a-c. contactors mentioned, it is rather sur¬ 
prising to note the difference in the results obtained in operating 
a well designed air break contactor, equipped with a magnetic 
blow-out, and an oil-immersed contactor of similar capacity. 

A high-voltage air-break contactor makes a great noise with a 
spectacular arc and one would think that the life of the arcing 
contacts and adjacent parts would be very short and the quietly 
acting oil-immersed contactor would have the advantage on 
these points. As a matter of actual experience, with well de- 
signed contactors breaking 2300 volts, 300 to 400 amperes, 
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the life of the arcing tips of an air break contactor might be 
five or ten times that of the tips in the oil-immersed type. 

The oil breaker or oil-immersed switch is certainly a very 
reliable device and gives good service in the proper fields. Where 
large power is very frequently interrupted, the high-voltage air- 
break contactor is more suitable. 

. ^'ith reference to the counter e. m. f. system of control, there 
is one serious limitation where a large number of accelerating 
contactors are necessary. In such cases, the last contactor to 
close must be operated at a voltage very near the line voltage. 
If the line voltage is not constant, it might fall below the point 
where "this contactor is set to close and the last section of start- 
ing resistance may remain in circuit indefinitely. The change 
in the resistance of the contactor operating coils due to normal 
temperature rise will aggravate this trouble. 

The current-limit control system is on the whole the most 
satisfactory for starting a variety of loads. The same panel 
with identical adjustment will start a motor having so little 
inertia load as to reach normal speed within a few seconds, and 
also start a motor with sufficient inertia load to require thirty 
seconds to reach normal speed. This system is not sensitive to 
line voltage fluctuations. 

The time-limit control would, be all right if load conditions 
were always invariable, but this is seldom met in practise. In 
the case of fire-pump installations, where it is absolutely necessary 
to get the motor up to speed regardless of possible damage, the 
time-limit control is suitable. 

The use of dynamic braking for quickly bringing the motor 
and load, to rest is a very valuable feature and widely used, 
in reversing planer control and similar applications. 

In closing, I may say that those who are familiar with steel 
null apparatus and machine tool control, are aware of the 
rapidity with which control panels must often operate. There are 
extreme cases w r here a motor must be reversed as often as thirty 
times a minute for long periods. This means that the line con¬ 
tactors operate thirty times per minute and the accelerating 
contactors operate sixty times per minute. This is a very severe 
mechanical and electrical test of the control devices and in 
many cases this is further aggravated by the presence of gritty 
dust m the surrounding air. 

W. I. Slichter: The ability of the modern control system 
to control the acceleration, direction and operation of large 
size motors, to protect these motors from overloads and false 
steps, is .really wonderful. The problem is very intricate and 
complex, and it is, therefore, probably natural that the appa¬ 
ratus used should also be complex. The systems have developed 
so that they may be put in the hands of the most ignorant 
operators and, on account of the fool-proof properties, prevent 
any damage resulting from improper handling. But in order 
to achieve this very desirable purpose, some of the installa- 
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tions are made m such a way that it takes a very experienced 
and expert specialist to install or repair the apparatus or even 
to lollow the diagrams and understand the functions of each 
part. 

. W ^ ile 1 am prepared to state absolutely that a more 
simple system is possible, yet on the principle that the sim¬ 
plest method is always the best method, I wish to put in my 
plea for a consideration of the question whether all the pro¬ 
tective and regulating devices usually included in the control 
systems are so essential that they really warrant the complexity 
introduced; and second, whether a uniform system of con¬ 
ventional symbols might not be recommended or adopted by the 
Institute with advantage to all. 

The series contactor is one means of simplifying the control 
by doing away with .a number of the relay circuits and inter¬ 
locks, and I would like to ask to what extent the series con- 
tactor is being used in commercial installations and what are 
the chances of its becoming the universal switch in the accel¬ 
erating operation. 

. The design of a control system which shall start the motor, 
limit the current to a given maximum and bring the motor 
automatically up to speed in the minimum time compatible 
with the allowable upper limit of current is a very nice prob¬ 
lem, involving a careful theoretical calculation of the resist¬ 
ance to be used on each step and a nice adjustment either by 
time or current value to determine the transition from step 
to step It is a matter which requires an ingenious arrange¬ 
ment of ^ circuits, several of which are described in the paper 
under discussion, and of these it appears to the writer that 
the method using series relays offers great possibilities of 
reducing the complexity of the wiring and thereby the chance 
ot trouble and the cost of maintenance. 

The control of a-c. motors usually requires the use of a con¬ 
tactor energized by alternating currents, which is a problem 
presenting many difficulties, first, on account of the liability 
of chattering of the contactor with the pulsating flux; and sec¬ 
ond, on account of the fact that an a-c. solenoid supplied with 
a constant voltage has a constant value of flux requiring a 
very large current when the contactor is open and a small 
cun ent after the contactor is closed. As far as the design of 
the contactor itself is concerned, this brings about a condition 
m which the current is large diming short periods of time and 
small during continuous operation, resulting in lower heatin 0- 
and economy of material, but great sensitiveness to voltage 
variation. : 

In regard to the resistances used,- I shall be glad to hear 
what progress is being made in ventilating and' cooling the 
resistance proper, as so much improvement has been made in 
the ventilatiom of electrical machinery of late that it seems 
natural to expect that this knowdedge should be applied to 
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the reduction in amount of material used in resistors, not 
only to reduce the first cost, but particularly to reduce the weight 
and space occupied by the apparatus. 

From some tests on copper, steel and brass contacts in 
my own experience, I can endorse the author’s statement 
that copper is the best for contact, and that for quick action 
or for a confined space, carbon auxiliary contacts are not de¬ 
sirable. 

In connection with the subject of dynamic braking, I have 
met with several installations in which the resistance shunted 
across the araiature is kept in series with a higher resistance 
across the line arranged in potentiometer connection, and 
would like to ask the benefit of this arrangement. 

Where we have to start and stop a large mass frequently, 
as in a mine hpist, it is quite a problem to take care of the 
kinetic energy. With dynamic braking we have the motor 
operating as a generator, short-circuited by a resistance, and 
a large part of the kinetic energy of the mass is liberated in 
the resistance and a small part liberated in the armature of 
the machine, * which means a larger motor. This is not al¬ 
ways appreciated by the customer or the operator. In plug¬ 
ging, the mass is stopped by reversing the motor, that energy 
is all liberated in the armature, and consequently we must 
have a very much larger motor. This matter of stopping the 
mass is of very great interest, and the dimensions of the arma¬ 
ture of the motor to be used in that connection are very 
important. 

F. B. Crocker: The term “control” as used in this paper 
seems to be confined to the automatic starting of motors. 

Some quarter of a century ago I read a paper on the 
regulation of electric motors. I used that term in the 
generic sense and the paper almost entirely related to the 
variation or adjustment of speed. Now it is a question of 
starting motors. ^ I think I can understand the reason. In 
those days to which I refer, a motor was a small device, with 
one single contact, and one switch of reasonable capacity 
could readily control all the current. We had no difficulty 
m dissipating the energy, a moderate rheostat would handle 
it, and one contact would stand the wear and tear. Now two 
things are necessary, one is the subdivision of the current, 
because the motors are so large, and the other is to limit that 
current, because the starting current is heavy, and must not 
exceed a certain maximum. Therefore the matter of control 
now is really one of starting motors and limiting the current 
by subdividing it between a number of contacts. 

. This paper does not go into the question of speed varia¬ 
tion. In a quarter of a century, there has not been such a 
great deal of progress made in solving the problem of the 
variable-speed motor, that is, speed adjustment. 

Of course this question of motor control with reference to 
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starting is a very practical question. We are not so verv 
much nearer to a really satisfactory solution of the soeed 
control in contradistinction to the current control, which is 

the prmc’pa 1 pomt in the starting of motors. 

The difficulty in starting, as in speed control, is that we 
have to provide m some way for the difference between the 
applied voltage and the low counter e.m.f. in the motor It 
is really difficult to dispose of the amount of current that cor¬ 
responds to that voltage. The obvious way is to take it ud 
- n f rheostat. That is what we used to do in those old days 
and that is what we do now. Perhaps there never will be 
an entirely satisfactory solution of that problem, but it does 
seem, with the great advance we have had in twentv- 
five years, that we should have done better in solving this 
particular problem of handling this difference bet-ween the full 
running conditions of the motor and the low speed or zero 

All we do is to simply destroy the energy. That does not 
seem to be the efficient or scientific solution of the problem 
1 he motor when it runs at full speed is an admirable ma¬ 
chine, but running at low speed or starting to run is a con- 
dition that we do not seem to have handled scientifically al¬ 
though we have handled it practically with sufficient success 
to make it commercial. 


J. H. Albrecht: Mr. Knight took up the question of the 
use of carbon on the contacts of magnetic contactors. The 
company I am connected with, on the larger sizes of contactors 
uses carbon or rather graphite for the initial contact The 
chief objection to the magnetic switch, especially among steel 
mill men, has been the fact that it “froze”, the common 
name for sticking or welding in the closed position When 
you are handling small currents not in excess of 125 or 150 
amperes there is not much danger of freezing, for several reasons 
in the first place, the energy handled is small. In the second 
place, you do not require the stiff spring pressure necessary 
in handling. large currents. Any well designed contactor in 
normal service will not freeze, i.e., if the switch closes com¬ 
pletely the proper design of the contact motion will allow the 
contactor to break itself free on opening. However when 
you get a jogging condition the operator will throw his master 
controller and if he has made a false move he will reverse it 
instantly. As a result the contactor will start to close and 
may then have its magnet coil deenergized just as the initial 
contact is made. In the larger sizes of contactors you must 
have a fairly stiff spring pressure and it is a fact that if two 
pieces of copper are brought together in this manner with a 
stiff spring pressure batk of them, there is a decided tendency 
to weld or freeze. If your initial contact is graphite to copper 
it will not weld, and that is our justification for the graphite 
contact. 
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We have done quite a lot of experimenting and have finally 
come to the use of a very dense, hard graphite which resists 
both the mechanical wear and the electrical wear very well, 
and it will stand up just as long as the copper contacts. The 
above, of course, applies onl} r to the initial contact. In its 
final position the contacts roll over the graphite and on to a 
copper contact. The final contact, therefore, is between 
copper and copper and the graphite piece does not carry any 
current. 

Regarding a-c. contactors in high-voltage work, we strongly 
advocate the air-break switch for very frequent service for 
the reasons which Mr. Knight has mentioned. Another reason 
is the fact that the air-break switch is open in construction and 
readily accessible for inspection. The operator can see at a 
glance what shape his contacts are in. In the case of an oil 
switch he must take the tank off to inspect the contacts and 
he will probably not do this until trouble occurs and forces 
him to make the inspection. 

There is one point I want to bring out in connection with 
the use of the high-voltage air-break switch. In one of his 
illustrations Mr. Knight showed a mechanically interlocked 
set of reversing contacts and in another illustration an elec¬ 
trically interlocked set of contactors. That is, the coil cur¬ 
rent for the reverse switch was carried on a “butterfly ” or in¬ 
terlocking contact on the forward switch. It has been our 
experience that neither an electrical or a mechanical inter¬ 
lock or a combination of both is satisfactory. It is satisfactory 
under normal conditions but under certain conditions it is 
sure to cause trouble. If there is a tendency for the arc to 
hang over, the opposite directional switch may close and cause 
a short circuit as long as the first arc is maintained. This 
cannot be avoided with the interlocking schemes outlined 
by Mr. Knight because the a-c. magnets are very quick-acting 
and the forward switch is very apt to be in the open position 
with the arc hanging on wiien the reverse switch closes. I 
believe many of the otherwise unexplainable peaks on hoist 
circuits rising these controllers are due to the instantaneous 
over-lapping of the reversing contactors. 

To get aw r ay from this condition w r e have developed what 
we call the drop-out relay. Two of these relays are used, 
the coil of each being in series with one or the other of the 
directional switches, consequently, in series with the arc. 
The relay on the forward switch carries the operating coil of 
the reverse switch on its contacts. The relay on the reverse 
switch in a similar manner controls the coil of the forward 
switch. The relay has a very low T drop-out point and will 
hold up until the arc has actually been blown out and, of 
course, prevents the closing of the opposite switch until this 
has happened. We have found this to be a very valuable 
device, especially in rapid reversing service, as it absolutely 
prevents any overlapping of the directional switches. 
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• Dr ' Crocker m his remarks deplores the lack of progress 
m speed control and regulation of d-c. motors. Probably 

the ww r f n ? r ? £a « le e f^ mple of Progress along these lines is 
ifelectrically driven reversing blooming mill drive 

S OOoTn re r tly 1 T talle f - for one of the large steel mills a 
™X5!i P '’i?' C ‘ machme driving the main rolls. We use the 

tiedS to^th taSe SyS f tem ° f . oontrol, the motor is permanently 
tied m to the generator, which m turn is driven by ana-c. motor 

extreni 6 ! 'iT S1 § regulator. The generator unit carries an 
extremely heavy flywheel on its shaft. By the proper func- 

load^ t! th i? Sllp re ? ulator the flywheel carries all the peak 
15 non h 6 ^flriired at the mill spindle ofttimes reaches 
anb at the same time the line input to the a-c. 
outfit is limited to approximately 1600 kw The 

snfndVdt b n 6 f tween the lin ®. l^P} 1 * and the output at the mill 
spindle is, of course, supplied from the stored energy of the 

flywheel. We get a speed variation of from 0 to 120 rev. per 
mm. by field control of the motor and generator The re- 
versai is obtained by reversing the polarity of the generator. 

- he regulation is very good at all speeds and, of course there 
are no rheostatic losses except the extremely small loss in the 
exciter circuit. 

, ^ application is also a very good example of what can 
be accomplished by dynamic braking. When the motor field 
<? strengthened by pulling the master control handle to the 
oil position the motor will regenerate through the generator 
S 1 * a curren t which sometimes rises as high as 6000 amperes 
6000 amperes at 600 volts multiplied by 2, as there are two 
machines on the shaft, gives a total energy of 7200 kw. returned 
to the line This energy is not absorbed in any resistance but 
is returned to the generator and utilized in speeding up the 
flywheel for the next pass. 8 p 

F ' ^ tratt01 J ] ? tter ) : I wish to speak briefly about 
another phase of electric motor control. I would like to em¬ 
phasize some of the reasons responsible for the constantly 
increasing use of electric power. Mr. Knight touches on this 
subject m his opening paragraph when he says that one of the 
mam reasons why the electric motor has superseded steam 
power, is the superior control features of the electric motor. 

Examine the United States Census statistics and certain im¬ 
portant conditions will be found. These conditions remain 
the same m principle _ and largely the same in magnitude 
whether they are examined from the standpoint of individual 
industries or from the standpoint of the total of all industries, 
lhe three conditions which I am going to mention I think 
are the most important aspect of modern manufacturing 
they are; first: a large increase in wages per hour, and it is 
estimated by economists that during the last ten years aver¬ 
age wages per hour have increased 30 to 40 per cent; second 
a decrease m the item of wages expressed as a portion of the 
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selling price; third, a large increase in the investment in 
manufacturing equipment, and this increase is larger propor¬ 
tionately than the increase in output. 

On one side we see labor demanding and getting more wages, 
shorter hours and greater expenditures in the interests of wel¬ 
fare and safety. We also unfortunately see labor protesting 
against the increased efficiency of labor; insisting that a man 
shall do, not what he can, but only what the average man 
can do. 


On the other side, we see the combined efforts of millions 
of dollars spent for new equipment, and a large number of 
specialized thinkers struggling to increase production that 
profit may not be annihilated. Improved equipment is used 
that the workmen may produce more, or that a $3.00 man may 
displace a $4.00 man. Machinery is designed so that numer¬ 
ous operations are performed simultaneously, automatically, 
and rapidly. Manufacturing operations are planned and 
standardized, speeds and feeds are specified, in order that 
output may depend, not upon the initiative of the workmen, 
but upon the capacity of the machine. Material is routed to 
travel the least possible distance in its conversion from raw 
to finished products. The principle of the division of labor 
is carried to a degree of. completeness heretofore apparently 
impossible. . A condition is being approximated where many 
manufacturing^ operations are largely independent of the in¬ 
itiative and skill of the workmen. 

. ^ think it is along these lines of increasing productive capac¬ 
ity, that the properly controlled electric motor is finding a 
reason for its rapid extension. These points are mentioned to 
emphasize my contention that the proper development of 
control apparatus lies along the lines of increasing production 
and decreasing labor cost. I think electrical control appar¬ 
atus incorporating these characteristics will advance in its 
application because it is genuinely progressive. 

M. T>. Goodman: In those cases where engineers object 
to copper contacts for magnet switches it is due mostly to 
an inertia rather than any sound engineering objections. For 
years the carbon contact has been used with moderate success. 
However, we can say that the carbon contact cannot be made 
to give satisfactory sendee for such applications where the 

thousands of times a day, as is the case in 
the steel mill service. 

Within the last few years, the more progressive manufac¬ 
turers of controllers have discarded the carbon contact and 
are now using copper to copper contacts with satisfaction. 
Of course, the contactors themselves had to be modified so 
as to give a quick make and break and sufficient pressure be- * 
tween The contacts. Furthermore, the rebound which would 
naturaliy occur when one contact touched the other, had to 
be gotten nd of or else they would arc on closing the switch. 
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One ingenious method of overcomine rebound ic • 
a .loose plug in the main contact arm g When the 
cod is energized the loose plug is drawn up to the core dST 

3fJT W1 * Du ™g a smal l Action of a second 
after the loose plug has closed the magnetic circuit of tlJ 
switch, the arm will vibrate, due to the reaction S® 

spring which is placed behind the stationary contact arm 6 
However, the vibration of the arm is limited in ampJftudeTv 
the loose plug of the arm so that the contacts cannot separate 
Hence, no arc can be produced on closing the switeh 

coils MfT 6 1°, “^ttent and continuous capacity shunt 
° W \ l * of the option that the continuous ca- 

of'™L CO n Sh ° + n^ a wa ^ s used 1 believe that both types 

°L?° Is f haVe th ^ 1T P artlcular . uses - > those cases where ?a- 
E ^ °P eratlon ls essential, as is required in steel mills 
the intermittent capacity coil is better adapted for this ser 
vice, because it allows the switch to be closed and opened 

™ S iS ? f ^ ™Port M c P e » 

switches of large capacities, where the inductance in the con- 

tinuous capacity coil would appreciably slow up the action 
of the switch, and therefore decrease production. In fact 

m ^ "I 11 the '"' rnter knows of . the controller had to be dis¬ 
carded, because it would not accelerate the motor quicklv 
enough, even after all the relays were omitted and the cutting 
out of the armature resistance depended entirely on the con¬ 
secutive operation of the shunt-wound accelerating contactors. 

, 1,1 regard to any objection to control circuit contacts, these 
^I e ^ een d ®Yf. lo P ed t0 give a wiping action when they open 
and close. This adds considerably to their satisfactory per¬ 
formance. Furthermore, the particular type of protective 

no S1 trouble Wlth tbe writer is familiar gives practically 

K .f night mentions the fact that he prefers time limit 
l 0r ® ucb classe . s , of machinery where the overloads 
during the starting period. prevent a series contactor from 
c osing. As Mr. Knight brings out, if a time limit starter is 
used and the motor is started under heavy overload, the cir¬ 
cuit breaker will kick out after a certain portion of the arma¬ 
ture resistance has been short-circuited. Recently an inverse 
tune element overload relay has been designed, which allows 
full advantage to be taken of the current limit automatic 
starter for all classes of service and at the same time protects 
the starting resistance in the starter as well. With the inverse 
time element, this overload relay may be set at approximately 
full load current. With, the inverse time element feature, 
this overload relay may be adjusted to keep closed for from 
twenty to thirty, seconds with this load. The greater the over¬ 
load, the more rapid will be the operation of the relay. Under 
these conditions, the starting resistance of the current limit 
starter will not be held in circuit long enough to do any damage, 
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if the motor load is so heavy as to prevent one or more of the 
accelerating switches from closing. At the same time, the 
relay will not open under normal accelerating conditions. 

This inverse time element feature has been available for 
some time past, but it was to be had only in very expensive 
circuit breakers. Engineers will certainly be interested to 
know that an overload relay has been developed which meets 
the required conditions and can be obtained at a reasonable 
cost. 


F. W. Gay: Control by voltage variation is frequently 
used in the case of large isolated installations, but has been 
somewhat lost sight of as a system for industrial plants. A 
few of us have had wide experience in the use of the multiple 
voltage system, and know that certain difficulties which were 
originally encountered are being overcome by the new sys¬ 
tems of control which have come out in recent vears. 

The difficulties with the multiple voltage system in the 
old days were short-circuiting and arcing of the controllers 
when throwing over from one voltage to another. These 
difficulties have been largely overcome by the development of 
automatic current limiting switches, which protect both the 
controller and the motor, also new contact switches allow 
small master controllers to be used on large motors for switch- 
ing from one potential to another. These improvements make 
the old multiple voltage systems much more practical, and it 
seems to me they merit greater development than has been 
given to them. 

C. D. Knight: The aim of all control engineers is to simplify 
automatic control as much as possible. For the plain accel¬ 
eration of d-c. motors, the series contactor is the simplest 
device. We have yet, however, to perfect an a-c. series con¬ 
tactor Consequently we are obliged to adhere to the shunt 
contactors and series or time limit relays for the automatic 
acceleration of a-c. motors. 


For adjustable-speed d-c. motors, we have the series field 
relay, which automatically brings the motor up to any pre- 
determmed speed above full field operation. I believe today, 
trn? £ the numerous exacting applications of motors and con- 
troi to various industries, that there are, by far, more adiust- 
able-speed motors being installed than constant-speed 
k hi" 6 “T com Ph?ated control that I know of today 

in its action 11 !K P ^ ne t r e( l m P m ent. This is entirely automatic 
n its action the duty cycle being” such that it may operate 

accderatethemoT ®? d . in that time automatically 

accelerate the motor, at the end of the stroke cut it off intro- 

revTselrputtin b /it k th S ’ W ¥ c , h . sto P s {t quickly, automatically 
stroke ThSS 1 through the same operation on the return 
frV; C™ „ na t ur ally a very difficult duty cycle result- 
mg in thousands of operations a day. ’ 

or machine tool work, in general, I suppose it 'is safe to 
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eSippel 

type, of motor, in which we <mt the^ ° n } i ln + th | slip ring 
control by introducing resistance in^+h5 Ulvale ” t of armature 
There has k m „ * distance m the secondary circuit. 

the design of contacto^ips^R? raiSed ^ co ™ ection with 
be seen that the cents? „r f/e„ f.? iE ' 1 i{ wil1 
solid contacts first come toglthl? % th f* ^ 

tactor closes there is a mllir.fr o„tu p01n , A - As the con- 
two contacts, and when the° contart-fT^ the - su y face of these 
current is carried ?t poim <?“«? «*= 

JESS ?t 6 S f TS? ^ 

current on the surface; which mate and S* % t ZT. 




cate wnicTd ml? 6 ““ “isunderstanding about what we 
of having 6 aTolling aSL, fba 1 ^ 

?S w s o‘Sf?„ t0 H m b?T two ffles **«*«• "SSffiS 

tr ? n S SL S e"ch.f M? ‘5J?? U Tfhlt 0°*?' f ”“^ S 

to the point yon desifnafe a. ttteop L SeTeS^ 
action 1 doe?^not°hel S p a OWed ‘ 0 “ <*« ^ 

is liable ^b? t de- I ene?S?ed f brf V o e r? e it°2'entir?ly t dos“d t mtt 
freezing devices have been introduced, which^ to a certain 
extent create sufficient pressure to throw „„T ,1° ?„n“S 
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at point A. I believe the method you have in mind is to in¬ 
troduce graphite about the point marked A on the sketch so 
that when the contacts are entirely home you are carrying 
the current through the solid copper at the point marked B. 

J. H. Albrecht: That is right. 

C. D. Knight: All I can say to that is that I have yet to 
be convinced that the graphite or carbon will last as long as 
copper. Our practise of using solid contact tips wherever 
possible is based on a great many years’ use of this same type 
of contactor on railway work. It has proved very reliable, 
and we have introduced it in many industrial applications 
and found it very successful. 

Another question which has been raised is regarding the 
use of intermittent duty coils. I have known of cases where 
it was necessary when quick action was required to put 110- 
volt coils on a 220-volt circuit. In many of these cases, the 
coils are in service but a short time on reversing propositions, 
consequently do not overheat. I believe in cases of this kind 
intermittent coils can be used. The point I wished to bring 
out was that where we use a shunt coil and introduce resist¬ 
ance in series with it by means of an interlock, an interlock 
of this kind is more or less a dangerous proposition. Some¬ 
times the interlock will open before the contactor is all the 
way home. This naturally reduces the current in the coil, 
resulting in a reduction of the ampere-turns necessary to close 
it. This means insufficient pressure on the contacts and is 
liable to produce undue heating and possible freezing. 
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The Board of Directors of the American Institute of Electrical Engineers 
presents herewith to the membership its Thirty-First Annual Report 
covering the fiscal year ending April 30, 1915. Detailed statements of the 
Institute’s finances, the various trust funds, assets and liabilities, and other 
similar data, will be found included herein. 

An examination of these statements will show that the abnormal con¬ 
ditions existing throughout the country during the year have not seri¬ 
ously affected the Institute’s finances, and that the receipts for the year 
exceed by a considerable amount the receipts of the previous year. 

A brief summary of the work accomplished during the year follows. 
For further details members are referred to past issues of the monthly 
Proceedings through the medium of which the Board endeavors to keep 
the membership informed regarding the administration of Institute 
affairs. 

Meetings of the Board.—The Board of Directors has held 11 meetings 
uring the year. Ten of these were held at Institute headquarters in 
New York, and one at Detroit, Mich., during the Annual Convention. 
An additional, adjourned meeting was held in July 1914, for the purpose 
of considering the adoption of the Standardization Rules, reference to 
which will be found elsewhere in this report. 

Following the custom of previous years, a resume of the business 
transacted at these meetings has been published each month in the In¬ 
stitute Proceedings and in the technical press, in order that the member¬ 
ship may have the opportunity of keeping in touch with all matters of 
interest. The material published in this way, however, represents only a 
part of the actual business transacted by the Board, as many important 
matters are necessarily held over for further consideration and action, 
regarding which publicity is withheld pending their final settlement. All 
such matters are dealt with in subsequent issues of the Proceedings. 

Conventions. The Thirty-First Annual Convention was held in De¬ 
troit, Mich, June 22-26, 1914. The convention was an unqualified 
success m point of attendance, quality of the papers and discussions, and 
the enjoyment afforded by the numerous social features. The total 
registered attendance was 483, of which 302 were Institute members. 
Of the 181 guests, 100 were ladies. Fifteen technical papers were pre¬ 
sented at the six technical sessions, the number of papers being limited 
to afford more time for discussion and for recreation. This arrangement • 
met with general approval. 

. The Third Mid-winter Convention was held at Institute headquarters 
in New York, February 17-19, 1915. The program was of a general 
nature, the 12 technical papers presented covering a variety of subjects. 
The total registered attendance was 464, of which 378 were Institute 
members. A subscription dinner-dance was; given at the Hotel Astor 
on the second evening, in which 350 members and guests participated. 
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The Sixth Annual Pacific Coast Meeting was held in Spokane, Washing¬ 
ton, September 9-11, 1914, under the auspices of the Spokane Section, 
and in conjunction with the convention of the Northwest Electric Lighs 
and Power Association. The Institute contributed five of the papert 
presented, and the Institute’s registered attendance was 192 members 
and guests. 

Other Meetings.—An Institute meeting was held in Philadelphia, Pa., 
on October 12, 1914, under the auspices of the Philadelphia Section and 
the Committee on the Use of Electricity in Marine Work. Three papers 
were presented, and the attendance was about 200. 

On May 28 and 29, 1914, a two day Institute meeting was held in 
Pittsfield, Mass., under the auspices of the Pittsfield Section. Eight 
papers w T ere presented at this meeting, and the registered attendance was 
177. 

A two-day meeting was held in Cleveland, Ohio, on March 18 and 
19, 1915, under the auspices of the Industrial Power Committee and the 
Cleveland Section. Six papers were presented, and the registered at¬ 
tendance was 309. 

A two-day meeting was also held in Pittsburgh, Pa., on April 15 and 
16, 1915, under the auspices of the Committee on the Use of Electricity 
in Mines and the Pittsburgh Section. The total registration at this 
meeting was 216, and seven technical papers were presented. 

The increasing demand for meetings of this nature indicates a grow¬ 
ing interest on the part of the membership which will not only greatly 
benefit the Institute, but will tend still further to develop its national 
character. 

In addition to the special Institute meetings, seven meetings were held 
in New York. The Sections and Branches have also held their usual 
large number of meetings as referred to in detail in the report of the 
Sections Committee. 

Meetings have already been authorized for next October in Philadelphia 
and St. Louis. 

During the year President Lincoln has attended Institute and local 
meetings in Pittsfield, Spokane, Philadelphia, Rochester, St. Louis, 
Pittsburgh, Ithaca, Lynn, Chicago, Cleveland and New York. 

International Electrical Congress.—In the opinion of the Executive 
Committee ^ of the Committee on Organization of the International 
Electrical Congress, the war in Europe rendered it inexpedient to hold the 
Congress during the year 1915, and at a meeting held on September 25, 
1914, the committee adopted resolutions recommending that the Congress 
be indefinitely postponed. The Board concurred in the committee’s 
views of the situation, and on October 9 passed resolutions postponing 
the Congress until such time as it shall be deemed advisable to hold an 
International Electrical Congress in the United States. All subscrip¬ 
tions to the Congress were refunded in full and the Institute paid the total 
expense that had been incurred by the Committee on Organization of the 
Congress, amounting to approximately 81,500. 

International Engineering Congress.—As full information regarding 
this Congress has been widely circulated among Institute members, it is 
unnecessary to go into details regarding its history and * organization 
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in this report. The Institute continues to maintain its interest as one of 
the five participating societies conducting the Congress, which will be 
held in San Francisco, as originally planned, September 20-25, 1915. 
The April report of the Committee of Management shows that 2,791 
members have now been enrolled on the committee’s books, of which 25 
percent are foreigners, and that 139 papers have been received,a number of 
which are by foreign authors. The plans for this Congress are progressing 
favorably, and the prospects for its success are much brighter than might 
have been expected in view of conditions abroad. 

Panama-Pacific Convention.—Recognizing that the postponement of 
the Electrical Congress would be disappointing to the Pacific Coast 
members of the Institute, and appreciating the desirability of holding a 
special meeting during the Exposition, the Board decided at its December 
meeting to authorize the Panama-Pacific Convention, to be held in San 
Francisco, September 16-18, 1915, during the week preceding that in 
which the International Engineering Congress is to be held. Informa¬ 
tion regarding the plans for the Panama-Pacific Convention may be 
found in the current issues of the monthly Institute Proceedings. 

Honorary Vice-President on the Pacific Coast.—Believing that the 
prestige of the Institute would be greatly enhanced by the presence on 
the Pacific Coast during the Panama-Pacific exposition of a special 
officer or representative, the Board created at its March meeting the 
special office of Honorary Vice-President, and Professor Harris J. Ryan, 
of Leland Stanford, Jr. University, Cal., whose past services to the Insti¬ 
tute and prominence in the engineering profession commended him ,as 
eminently qualified to represent the Institute, was unanimously chosen 
to fill this post of honor, unique as the first office of the kind in the Insti¬ 
tute’s history. The appointment was made effective at once and is to 
continue during the Exposition. 

Revision of the Constitution.—Resolutions were adopted by the Board 
in April 1915 suggesting the appointment by the. next administration 
of a committee to consider a revision of the Constitution, and inviting 
suggestions for amendments from the membership. For several years 
past the Institute has had such committees, and these committees have 
collected a large amount of data and suggestions for revision for the use 
of future committees. It now appears to the Board desirable that a 
committee be appointed at the beginning of the next administrative 
year to consider these and all other suggestions that may be submitted. 
The Board also adopted at the same meeting another resolution sug¬ 
gesting to the Section Delegates who attend -the coming annual con¬ 
vention that they discuss this subject and submit such suggestions as 
they may decide upon. 

Amendments to the By-laws.—The by-laws were amended in re¬ 
sponse to recommendations made by the Section delegates in attend¬ 
ance at the Detroit Convention last June. Section 55 'was amended 
to permit the newly elected Section officers to begin their terms of office 
either on August 1st or on January 1st. This Section formerly pro¬ 
vided that the terms of Section officers should coincide with that of 
the President of the Institute, which begins on August 1st. Section 60 
was amended to incorporate the duties and functions of Section dele- 
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gates attending annual conventions, and to increase the amount of 
funds available for each Section. 

Engineering Foundation.—The inauguration by the United Engineer¬ 
ing Society on January 27, 1915, of the Engineering Foundation, to be 
“ de voted to the advancement of the Engineering Arts and Sciences in 
all their branches, to the greatest good of the Engineering Profession” 
is one of the most important events in the annals of engineering which 
has occurred during the year. The Foundation, which is designed to 
benefit the entire engineering profession, was made possible by the 
generous gift, to the United Engineering Society, of $200,000, by Am¬ 
brose Swasey, of Cleveland, Ohio, to serve as the nucleus of the Founda¬ 
tion. The administration of the Foundation has been entrusted to a 
Board of eleven members composed of representatives of the four national 
engineering societies, the American Society of Civil Engineers, the 
American Society of Mechanical Engineers, the American Institute of 
Mining Engineers, and the American Institute of Electrical Engineers, 
and the United Engineering Society; also two members at large. The 
fund is to be held in trust by the United Engineering Society. 

Employment Department.—On October 9, 1914, the Board authorized 
the establishment of an Employment Department at Institute head¬ 
quarters, for the benefit of the Institute membership. A large number of 
circular letters were sent to Institute members in positions of executive 
and engineering responsibility, soliciting their cooperation and support, 
and the department has already proved helpful to employers and to 
members seeking employment. The plan followed,which has been de¬ 
scribed fully in the Institute Proceedings, is to publish in the Proceed¬ 
ings, without charge to members, brief announcements of vacancies, 
and abstracts of the records of available men. These announce¬ 
ments have increased with each monthly issue, and several mem¬ 
bers have thereby been assisted to desirable positions although 
the business conditions during the year have been such that the num¬ 
ber of vacancies announced has been small compared with the number 
of men available. The department will doubtless prove of still greater 
benefit when normal business conditions are restored. 

Committees and Representatives.—There has been very little change 
m the number and character of the standing, special, and technical com¬ 
mittees. One new technical committee was appointed, namely, the 
Committee on the Use of Electricity in the Iron and Steel Industry. 

The Institute has continued its representation on various joint com¬ 
mittees and other local and national bodies with which it has been affil¬ 
iated in past years all of which have been more or less active during the 
year. 

For convenient reference, abstracts of reports submitted by the chair¬ 
men of many of the Institute committees to the Board of Directors 
are included herein, as follows: 

Sections Committee. The Sections and Branches have shown grati- 
ying activity during the year, as indicated below. A new Section was 
organized last October in Rochester, N. Y., and application has been 
made for authority to organize a Section in Denver, which will be acted 
upon by the Board of Directors at the May meeting. 
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. The Branc1:ies are also doing excellent work, and are steadily increas¬ 
ing m number, five having been organized during the year, bringing 
the number of Branches up to 52. s S 

The following tabulated statement shows, the activity of the Sections 
and Branches as compared with previous years: 



For Fiscal Year Ending 


May 1 
1909 

May 1 
1910 

May 1 
1911 

May 1 
1912 

May 1 
1913 

May 1 
1914 

May 1 
1915 

Sections 

Number of Sections.. 

24 

25 

25 

28 

29 

30 

31 

Number of Section 
meetings held. 

169 

' 

187 

208 

231 

244 

233 

246 

Total attendance.... 

16,427 

16,694 

15,243 

19,800 

22,825 

22,626 

23,507 

Branches 

Number of Branches. 

26 

31 

36 

42 

* 47 

47 

52 

Number of Branch 
meetings held. 

198 

237 

255 

281 

357 

306 

328 

Attendance. 

8,443 

10,255 

10,714 

10,255 

11,808 

n,6 17 



12,712 


Meetings and Papers Committee.—The Meetings and Papers Com¬ 
mittee has arranged for all of the Institute meetings and conventions 
held during the year, also for the Annual Convention to be held in Deer 
Park, Md., m June, and the Panama-Pacific Convention to be held in 
ban Francisco in September.. Arrangements are now being made for 
Institute meetings in Philadelphia and St. Louis in October, also for 
the October and November meetings in New York. All of the papers 
presented at the meetings have been approved by this committee, which 
has held monthly meetings throughout the year. In its selection and 
approval of the papers presented the committee has had the coopera¬ 
tion and assistance of the special technical committees, so that every 
paper offered for presentation before the Institute is reviewed by special¬ 
ists in the branch of electrical engineering covered by the paper. 

New York Reception Committee.—The New York Reception Com¬ 
mittee reports a series of successful smokers which have followed the 
regular meetings held at Institute headquarters. The expense has been 
met by private subscription. The committee also made the arrange¬ 
ments for the successful and enjoyable dinner-dance held during the 
Midwinter Convention. 

Standards Committee.—The Standards Committee of 1913-1914 pre¬ 
sented its revised edition of the Standardization Rules to the Board of 
Directors at the Detroit Convention in June 1914. An adjourned meet- 
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ing of the Board was held on July 10, 1914, at which the Rules were 
approved, and the incoming Standards Committee of 1914-1915 was 
authorized to make editorial revisions and to issue the new edition to 
take effect on December 1, 1914. The committee held meetings in 
October and November, at which the editorial corrections were agreed 
upon, and the present edition of the Rules, under date of December 1, 
1914, was then issued. 

Regular monthly meetings have been held by the committee during 
the year, at which suggested amendments to the Rules have been dis¬ 
cussed and agreed upon. The committee intends to present a revised 
edition of 1915 Standardization Rules to the Board of Directors in June, 
to become effective in July or August, if approved. Notices of all of 
the committee’s meetings, with a docket of matters coming up for dis¬ 
cussion, are regularly forwarded by the committee’s secretary, with a 
general invitation for the representatives to be in attendance, to the 
following bodies: Association of Railway Electrical Engineers, Society 
of Automobile Engineers, Illuminating Engineering Society, American 
Electric Railway Association, National Electric Light Association, Elec¬ 
trical Committee of the National Fire Protection Association, Institute of 
Radio Engineers, American Society of Mechanical Engineers, American 
Society of Civil Engineers, American Institute of Mining Engineers, 
American Electrochemical Society, Electric Power Club, and the Ameri¬ 
can Society for Testing Materials. 

Messrs. H. M. Hobart and C. E. Skinner were appointed delegates 
at the request of the British Rating Panel to the meetings in London, 
of the British Engineering Standards Committee, with the view to 
harmonizing the Electrical Engineering Standardization Rules in England 
and America. These gentlemen left New York for London on Febru¬ 
ary 10, 1915, and their report was presented at the meeting of the com¬ 
mittee held on May 7. 

Code Committee.—During the past year the chairman of the Code 
Committee has acted as the chairman of a special committee of the 
National Fire Protection Association appointed for the purpose of draft¬ 
ing suggested changes in the elevator wiring requirements of the National 
Electric Code. 

A very considerable amount of time has been given to assisting the 
United States Bureau of Standards in the preparation of a set of safety 
rules which the Bureau expects to issue in the near future. Several 
meetings have been held in Washington, D. C., and in New York, for 
the purpose of revising these rules. 

The chairman of the Code Committee represented the Institute at 
the biennial meeting of the Electrical Committee of the National Fife 
Protection Association held in New York in March 1915. At this meeting 
action on Rule 13 of the National Electric Code was again deferred until 
the action of the National Committee on Overhead and Underground Con¬ 
struction was made known. This latter committee includes representatives 
of various associations interested in the subjects suggested in its title. 
The Institute has three representatives upon the committee, and its 
chairman is the chairman of the Institute’s Code Committee. 

Law Committee.—The work of the Law Committee during the year 
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has been limited to reports on several questions of minor importance 
which have been submitted to it. 

# Railway Committee.—The Railway Committee this year has con¬ 
sidered the electric railway standards incorporated in the Standardiza¬ 
tion Rules, and has cooperated with the Standards Committee in edit¬ 
ing the rules relating to railway equipment. It is now cooperating with 
- ' fc ^ ie Standards Committee in a revision of Rule No. 418, having ap¬ 
pointed a sub-committee for that purpose which includes members of 
the Railway and Standards Committees. 

The committee has also obtained a series of papers for the Annual 
Convention, dealing with the subject of contact devices for heavy traction, 
their cost of construction in various types, and their cost of maintenance. 

Transmission Committee.—Since the last Annual Meeting this com¬ 
mittee has prepared for final publication the comprehensive report on 
High Tension Transmission Practice compiled by the Engineering Data 
Committee of last year and offered for discussion at the Detroit Con¬ 
vention. 

The committee provided the program for one session of the Mid¬ 
winter Convention held in New York, on the general subject of high 
frequency testing of porcelain insulators. 

The specification for the testing of high voltage porcelain line insu¬ 
lators, which has been in course of preparation for two years, has finally 
been approved by the Transmission Committee, and the Board of Direc¬ 
tors has authorized its publication in the near future. 

The committee has undertaken the collection of data on the effect 
of altitude on the operating temperature of electrical apparatus, but 
the work will not be completed for some time. 

The committee is preparing a program for the Annual Convention on 
the subject of “ Foundations for and Erection of Steel Towers for Trans¬ 
mission Lines.” 

Electric Lighting Committee.—The Electric Lighting Committee pro¬ 
vided two papers for the March meeting in New York, and it has ar¬ 
ranged for a joint session with the Illuminating Engineering Society 
at the coming Annual Convention, at which the adequate lighting of 
streets and systems of electrical distribution for street lighting will be 
considered. The committee also expects to provide papers for the Pan¬ 
ama-Pacific Convention, or for an early meeting in New York next fall. 

Industrial Power Committee.—The Industrial Power Committee laid 
out a program at the beginning of the year which was to include the follow¬ 
ing: 

1. An effort to have at least one meeting of every Section and Branch 
devoted to the subject of Industrial Power. 

2. To bring together within the Institute a series of illustrated lectures 
on Industrial Power subjects which could be kept at Institute head¬ 
quarters and which would be available for the use of Sections and Branches 
if desired. 

3. To make a complete presentation of the subject of Industrial 
Power applications under four general headings at four different meetings. 

Three phases of the general subject have already been dealt with at 
the Midwinter Convention in New York, the Cleveland Meeting in 









2814 


REPORT OF BOARD OF DIRECTORS 


[ April 30 


March, and the Pittsburgh Meeting in April. The fourth will be taken 
up at the Annual Convention. 

The work of the committee for the year as a whole will have covered 
a large amount of ground and will have brought about the presentation 
of much valuable material in theTnstitute Proceedings. This has been 
due in considerable part to the early formulation of plans, to the sub¬ 
division of work among the different members of the committee, and to 
a cooperation on the part of all of the individual members. 

Power Stations.—The Power Stations Committee has held some 
conferences and has collected some data, but the general feeling is that 
the work has not progressed to a sufficient extent to justify the pres¬ 
entation of a special report this year. 

Electrochemical Committee.—Owing to the geographical distribution 
of its members, the Electrochemical Committee has not been able to 
hold any meetings, but has carried on its work through correspondence. 
The work of the committee has been confined to efforts to obtain suit¬ 
able papers on electrochemical subjects. The committee arranged for 
the joint meeting with the New York Section of the American Electro¬ 
chemical Society which was held in New York on March 12, 1915. 

Electrophysics Committee.—The work of the Electrophysics Com¬ 
mittee has been directed chiefly to the securing-of papers on subjects 
relating to the physical theory underlying the application of electricity 
to electrical engineering. Six papers have thus far been considered, 
and a seventh is promised. Of these, two have already been presented, 
and three will be presented at the Annual Convention. 

The New York meeting of April 9 was held under the auspices of 
the committee. 

Iron and Steel Industry Committee.—This committee was formed 
with the object of promoting the use of electricity in the iron and steel 
industry. As the Association of Iron and Steel Electrical Engineers is 
organized with a similar object, and comprises within its membership prac¬ 
tically all of the operating steel mill electrical engineers in the country, 
it was felt that good results might follow cooperation with the Associa¬ 
tion. Accordingly, arrangements have been made with the officers of 
the Association for a joint session at its coming convention to be held 
in Detroit, Mich., September 8-11, 1915, for which the committee will 
provide two papers for presentation and discussion. 

Committee on the Use of Electricity in Mines.—For the last two 
years the efforts of the Mining Committee have been directed toward 
obtaining more uniform regulations for the use of electricity in mines. 
Up to the present time it has not been possible to obtain the cooperation 
necessary to effect this object, but steps have been taken to interest the 
U. S. Bureau of Mines, and the lead in this matter will now be taken 
by the Federal Government. In the near future the Institute will 
probably be invited to send representatives to a meeting of interested 
bodies to discuss this subject. The committee is making arrangements 
to provide papers for one session of the Panama-Pacific Convention. 

Committee on Use of Electricity in Marine Work.™During the year 
the committee obtained several papers for presentation before the In¬ 
stitute, but its principal work has been directed to the collection of data 
from shipbuilding companies and owners, with the object of stand- 
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ardizing as much as possible marine installations and to have available 
information on good practise in such installations. As a result of the 
data collected, suggestions of changes in the marine section of the National 
Electric Code were made to the National Fire Protection Association, 
and three meetings of the Marine Committee have been held in con¬ 
junction with a sub-committee of the National Fire Protection Asso¬ 
ciation, resulting in certain desirable changes in the code being made. 

Records and Appraisals of Properties Committee.—This committee 
has undertaken the production of a series of discussions by its members 
of the important features of inventories and appraisals of public service 
properties, with the object of bringing these discussions together into 
a report. The general subject has been divided into seven sub-divisions, 
each dealing with different phases of the subject, and each member of 
the committee has agreed to provide a discussion of one of these sub¬ 
divisions. 

Educational Committee.—The work of the Educational Committee 
has consisted largely in outlining the scope of its ’tyork as distinguished 
from that of similar bodies. Educational work in engineering is taken 
care of by various bodies: aricf it seemed desirable to differentiate the 
work properly so as to avoid duplication. A list of questions was pre¬ 
pared covering various phases of educational work in electrical engineer¬ 
ing, and the opinion of the members of the committee was sought upon 
these questions. It is hoped that the replies received will enable 
next year’s Educational Committee to make its work more definite and 
systematic. Among the topics suggested are, trade and evening schools, 
engineering apprenticeship, research in universities, standardization of 
courses and of methods of instruction, etc. It is suggested that the 
membership of the committee in future be made more homogeneous and 
not so scattered geographically, in order that the committee may consider 
each year just one topic, and thus gradually accumulate valuable data 
and make definite recommendations concerning this or that phase of 
education in electrical engineering. 

Joint Committee on Engineering Education.—This committee, consti¬ 
tuted of representatives from several national engineering societies includ¬ 
ing the Institute, and from the Carnegie Foundation for the Advancement 
of Teaching, has undertaken to make a comprehensive study of engineer¬ 
ing education. The work is progressing satisfactorily. Present methods 
of instruction are being determined by personal visits to representa¬ 
tive institutions, letters of advice and of constructive criticism are being 
digested, and suitable tests of engineering ability to be used by schools 
both for entrance and for graduation are being arranged in cooperation 
with a psychological expert. 

Editing Committee.—The Editing Committee has had general super¬ 
vision over the 12 numbers of the Proceedings and the volumes of Trans¬ 
actions published during its incumbency. The method of handling 
discussions by condensing them as much as practicable and eliminating 
all irrelevant matter has been continued by the present committee with 
satisfactory results. The amount of material published is practically 
the same as was published during the two previous years, and no changes 
in the typographical style of these publications have been found advisable. 
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Public Policy Committee.—The Public Policy Committee has consider¬ 
ed a number of matters which have been referred to it during the year. 
Among the more important of these are the following: 

Representation of the Institute at a hearing in Washington, D. C., 
last December, before the Senate Committee on Public Lands in relation 
to the Ferris Bill on the Development of Arid Lands. 

With the approval of the Executive Committee, the Public Policy 
Committee cooperated with the Philadelphia Section last October in 
filing a protest against legislation to license or register engineers in the 
State of Pennsylvania. 

Recommendations upon request of American Association for the 
Advancement of Science for cooperation of the Institute in an effort to 
reform methods of securing expert opinion in judicial procedure. 

Action on communication relative to a legislative bill in connection 
with the inspection of buildings. 

Report on advisability of making an effort to secure the appointment 
of an engineer as a member of the New York State Public Service Com¬ 
missions. 

The committee has been authorized 'to* represent, and given power to 
act for, the Institute in connection with any legislation aiming to license 
or register engineers; also to represent the Institute in connection with the 
New York State Constitutional Convention. 

Relations of Consulting Engineers.—This committee has directed its 
efforts toward the development of a schedule of fees for the use of mem¬ 
bers of the Institute practising as consulting engineers, believing that such 
a schedule, if approved by the Board of Directors and recognized as a 
proper basis for engineering fees, would tend to promote the best interests 
of the profession. The scope and variety of professional service rendered 
by members of the Institute in consulting practice are such that the 
committee has found the problem one of much complexity, but it hopes to 
present a report to the Board in time for consideration at the May direc¬ 
tors’ meeting. 

U. S. National Committee, International Electrotechnical Commission. 
The activities of the Commission have necessarily been suspended on 
account of the war. No international meetings have been held during the 
year ending April 30, 1915, and no publications have been issued by the 
Central Office since No. 28, March 1914. The Honorary Secretary issued, 
however, a report in November 1914, in which acknowledgment was 
made of the action of the A. I. E. E. in helping the Central Office to carry 
on its work during the year on a reduced scale. 

. Through the successful efforts of the committee’s President, Messrs. 
H. M. Hobart and C. E. Skinner w T ere appointed delegates of the U. S. 
National Committee, and of the Standards Committee, to meetings in 
London, of the Rating Panel of the British Engineering Standards Com¬ 
mittee. These gentlemen left New York on February 10, and attended 
several meetings of the Panel. Their report was presented at a joint 
meeting of the U. S. National Committee and the Standards Committee 
on May 7, 1915. 

Edison Medal. The sixth Edison Medal was awarded by the Edison 
Medal Committee, on December 29, 1914, to Dr. Alexander Graham Bell, 

“ for Meritorious Achievement in the Invention of the Telephone/’ 
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The presentation will be made at the Annual Meeting of the Institute on 
May 18, 1915. 

Board of Examiners.—The Board of Examiners has held 11 meetings 
during the year. The Board has examined and referred to the Board of 
Directors with its recommendations, a total of 1,695 applications of all 
kinds. In addition to these, the Board has reviewed a considerable 
number of applications a second and third time. A summary of the 
applications definitely disposed of is given in the following statement: 


Applications for Admission. 

Recommended for election to the grade of Associate. 761 

Recommended for election to the grade of Member. 37 

Recommended for election to the grade of Fellow. 2 

Recommended for enrolment as students.. 798 

Not recommended for election to the grade of Member. 15 

Not recommended for election to the grade of Fellow. 2 1,615 

Applications for Transfer. 

Recommended for transfer to the grade of Membei. 48 

Recommended for transfer to the grade of Fellow... 12 

Not recommended for transfer to the grade of Member..... 16 

Not recommended for transfer to the grade of Fellow. 4 80 


Total number of applications considered. 1,695 


The work of the Board of Examiners has increased considerably 
since the constitutional amendments were adopted creating three grades 
of membership, and providing for direct admission to any grade, and 
requires much more time than formerly. 

Membership Committee.—The Membership Committee has been 
conducting an active and well-planned campaign to increase the member¬ 
ship, an outline of which may be found in the September 1914 Proceed¬ 
ings. The cooperation of the Section and Branches was also enlisted, 
and some of the local committees have been quite successful in pro¬ 
ducing results. 

The following table shows the number of members in each grade, 
the total membership, and the additions and deductions that have been 
made during the year. 



Honorary 

Member 

Fellow 

Member 

Associate 

1 

Total 

Membership, April 30, 1914. 

5 

439 

1027 

6405 

7876 

Additions: 



37 

714 




14 

53 


Reinstated.... 


1 

5 

23 


Deductions: 

Died... 


1 

9 

27 


Resigned. 


2 

8 

124 


Dropped. 


3 

17 

411 


Transferred. 



9 

58 






Membership, April 30, 1915. 

5 

448 

1079 

6522 

8054 


Net increase in membership during the year. 178 
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While, owing to the general business depression, the membership has 
not increased as much as would ordinarily have resulted from the 
efforts put forth, nevertheless, the membership has been kept up to a 
normal figure, and the results accomplished will tend to offset the losses 
which may be expected by reason of abnormal business conditions. 

The committee also, with the sanction of the Board of Directors, 
extended its scope to sending communications to delinquent members 
with the view to retaining them on the membership list. This cam¬ 
paign is now under w T ay. 

Deaths .—The following deaths have occurred during the year: 

Fellow.—H. Ward Leonard. 

Members. E. G. Bernard, F. P. Catchings, George Cutter, E. L. 
Farrar, C. E. Hansell, M. A. Marca-Romero, J. A. Sandford, Jr., H. 
H. Sinclair, Maurice A. Viele. 

Associates.—J. A. Baylis, Alfred P. Boyd, C. F. Brackett, Guy E. 
Fairly, A. H. Freeman, Charles M. Gould, E. L. Haines, Edw. J. Hall, 
T. D. Harbmson, L. A. Hedger, J. E. Hodgson, L. H. Holtzapple, s! 
F. Macdonald, Kengo Makino, W. E. McWethy, H. W. Monk, Jorge 
Newberry, J. E. Putnam, E. A. Regestein, Stuart Richardson,’A. A. 
Rockefeller, F. T. Row^att, H. A. Russell, S. 0. Sandell, Hugh C. Scott 
B. E. Semple, T. Uweki, 

Total deaths, 37. 

Finance Committee.—The following correspondence and financial 
statements form a complete summary of the work of the Finance Com- 
mittee for the year. 


i\ew x one, lviay IJL, 1915. 

Board of Directors, 

American Institute of Electrical Engineers. 

Gentlemen: 

Your Finance Committee respectfully submits the following report 
for the year ending April 30, 1915. 

During the past year the committee has held monthly meetings has 
passed upon the expenditures of the Institute for various purposes’and 
otherwise performed the duties prescribed for it in the Constitution and 
By-laws. Haskins & Sells, chartered accountants, have audited the 
Institute books, and their certification of the Institute finances follows. 

In company with your Treasurer and a member of the firm of chart¬ 
ered accountants, the committee has examined the securities held bv the 
Institute and finds them to be as stated in the accountants’ report' 

The Institute still has a liability of S54,000.00 in the form of a mort- 
tT H P ° n ! h * laild Whkh the Engineering Societies Building stands. 

in?ervtl Slr K bll fi, y h( l uidat i n g th -is mortgage has been discussed at 
ntervals by the various Finance Committees of the past few years 

indr c aL • t ^ PreSent faVOrabIe financial condition of the Institute, as 
cotmS “ tbe acc ° m P an ying statements, the present committee re- 

cel“ation of th ! 0i Directors S ive consideration to the can- 

cellation of this indebtedness at an early date. 

/c . Respectfully submitted, 

(Slgned) J. Franklin Stevens, 

Chairman, Finance Committee. 
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HASKINS & SELLS 

CERTIFIED PUBLIC ACCOUNTANTS 
30 BROAD STREET 

NEW YORK 


CHICAGO 

HARRIS TRUST BUILDING 

CLEVELAND 

WILLIAMSON BUILDING 


LONDON, E. C. 

30 COLEMAN STREET 

ST. LOUIS 

THIRD NATIONAL BANK BUILDINS 

PITTSBURGH 

FARMERS BANK BUILOING 
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Exhibit A. 


AMERICAN INSTITUTE OF 

General Balance Sheet 


Assets. 

Land and Building: 

Interest in United Engineering Society’s Real Estate, No. 


25 to 33 West 39th Street: 

Building. $353,346.61 

Land (One-third of Cost). 180,000.00 


Total Land and Building.". $533,346.61 

Equipment: 

Library—Volumes and Fixtures. $ 38,536.05 

Works of Art, Paintings, etc. 3,001.35 

Office Furniture and Fixtures. 10,603.61 


Total. $ 52,141.01 

Less Reserve for Depreciation. 6,024.83 


Remainder—Equipment. $46,116.18 

Investments: 

Bonds: 

New York City, 4§%, 1917, Par $8,000.00. $ 8,362.50 

New York City, 4i%, 1957, Par $22,000.00 . 23,590.00 

City of Wilmington, Delaware, 4*%, 1934, Par $15,000.00.. 15,997.50 

Chicago, Burlington & Quincy Railroad Company, 4%, 

1958, Par $15,000.00... 14,606.25 


Total Investments.. 62,556.25 

Working Assets: 

Publications entitled “ Transactions,” etc. $ 9,650.75 

Badges... 934.60 


Total Working Assets. 10,585.35 

Current Assets: 

Cash. $ 7,496.47 

Accounts Receivable: 

Members, for Entrance Fees and Past Dues. 8,590.60 

Advertisers. 1,252.75 

Miscellaneous. 518.06 

Interest Accrued—Investments. 831.25 

Interest Accrued—Bank Balances. 94.37 


Total Current Assets.. 18,783.50 


Funds: 

Land, Building, and Endowment Fund: 

Cash...... 

Interest Accrued. 


$7,702.48 

79.23 


Life Membership Fund: 


Cash. $5,281.39 

Interest Accrued. 40.00 


$ 


International Electrica Congress of St. Louis— 


Library Fund: 

Cash.. $ 658.74 

New York City Bonds, 4\%, 1957, Par 

$2,000.00. 2,268.00 

Interest Accrued. 45.00 


Mailloux Fund: 

Cash. $ 114.05 

New York Telephone Company Bond, 4|%, 

1939. 1,000.00 

Interest Accrued. 22.50 


7,781.71 

5,321.39 


2,971.74 


17,211.39 


Total Funds. 
Total.... 


1,136.55 


$688,599.28 
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Liabilities. 

Bond and Mortgage—United Engineering Society—On In¬ 
terest m Land No. 25 to 33 West 39th Street. m 

Current Liabilities: 

Accounts Payable Subject to Approval by the Finance 

committee...... % 5 049 41 

Interest Accrued on Bond and Mortgage. . *720 *00 

Dues Received in Advance. " 1 150*50 

Entrance Fees and Dues Advanced by Applicants for mem- 

bershl P..... 179.50 

Total Current Liabilities._ 


54 000 00 


7,099.41 


Fund Reserves: 

Land, Building, and Endowment Fund. 

Life Membership Fund.] .. 

In Fund ti0nal Electrical Congress of’ St*.* Louis—Library 
Mailloux Fund.N ! .* 


7,781.71 

5,321.39 

2,971.74 

1,136.55 


Total Fund Reserves. 
Surplus: Per Exhibit “B . 


17,211.39 

610,288.48 



Total, 


£688.599 28 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Statement of Income and Profit and Loss 
For the Year Ended April 30, 1915 


Exhibit B. 


Revenue: 

Entrance Fees,. $3,935.00 

Dues,. 86,158.70 

Students Dues,. 4,445.50 

Transfer Fees,. 640.00 

Advertising,..;. 8,953.63 

Subscriptions,. 2,788.10 

Sales of “ Transactions,” etc.,. 2,569.98 

Badges Sold,. $1,782.50 

Less Cost,. 1,627.70 154.80 

Interest on Investments,.. 2,625.00 

Interest on Bank Balances,. 471.28 

Exchange,. 32.43 

Total,... $112,774.42 

Expenses: 

Meetings and Papers Committee: 

Salaries, Editorial Department. $4,500.00 

Binding and Mailing Proceedings,. 5,497.32 

Printing Proceedings. .... 8,366.38 

Engraving Proceedings,.. 1,780.52 

Paper and Cover Paper,... 5,235.47 

Envelopes,. 881.25 

Stationery and Miscellaneous Printing,. 73.50 

General Expenses. 71.71 

Meetings. 6,277.85 

Volume No. 31,. 1,054.22 

Volume No. 32,. 12,400.42 

Volume No. 33,. 24.68 

Total,. $46,163.32 

Deduct Increase in Inventory of Publications: 

May 1, 1914.. $8,674.25 

April 30, 1915. 9,650.75 976.50 $ 45,186.82 

Executive Department: 

Salaries,. 15,734.00 

General Expenses,. 1,959.85 

United Engineering Society—Assessments,. 3,475.00 

Express,. 434.56 

Poscage,. 2,827.88 

Advertising,..... 1 , 970 .8g 

Office Furniture and Fixtures. 581.80 

Stationery and Miscellaneous Printing,. 2,877.07 

Year Book and Catalogue. 2,688.65 

Interest on Bond and Mortgage,. 2,160.00 34,709,69 

Forward,. $ 79,896.51 


R evenue — (Forward) 


$112,774.42 
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Revenue—(F orward). $112,774.42 

Expenses —(Forward),. $ 79,896.51 

Sections Committee: 

Section Meetings!. $4,619.43 

Branch Meetings,. 177.74 

Delegates Convention Expenses,. 1,525.57 

Salary and Traveling Expenses, Honorary Secretary,.... 4,410.23 

Salaries, New York Office,. 2,385.00 

Stationery and Printing, New York Office. 832.81 

Express on Advance Copies. 70.07 14,020.85 


General: 

Library Committee,. $3,861.38 

Membership Committee,. 617.32 

Finance Committee. 150.00 

Standards Committee,. 1,249.12 

Code Committee,. 306.19 

“ Transactions” Index,. 440.16 

National Joint Committee on Electrolysis,. 200.00 

International Electrical Congress, 1915. 1,500.00 

International Engineering Congress, 1915. 935.99 

Reception Committee, International Engineering Con¬ 
gress, 1915,.130.10 

International Electrotechnical Commission,. 758.28 

Annual Function,. 408.95 

President's Special Appropriation,. 80.41 

Aaron Testimonial,... 1,500.00 

John Fritz Medal Presentation Exercises,. 83.37 

Miscellaneous,. 10.60 12,231.87 


Total,. $106,149,23 

Deduct: 

Decrease in Accounts Payable—Subject to Approval by 
the Finance Committee, Expenses Undistributed at: 

May 1 , 1914,.. $5,254.47 

April 30, 1915,.. 4,979.41 275.06 


Total Expenses,.. $105,874.17 

Net Revenue, . $ 6,900.25 

Profit & Loss Credit —Accessions to Library Volumes and 

Fixtures,. 148.75 


Gross Surplus for the Year —. $ 7,049.00 

Profit & Loss Charges: 

Uncollectible Dues Written Off,. $3,625.00 

Reservation for Depreciation of Furniture and Fixtures. 1,285.31 

Total,. 4,910.31 


Net Surplus for the Year, . $ 2,138.69 

Surplus, May 1, 1914,..■. 608,149.79 


Surplus, April 30, 1915,. 


$610,288 48 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

Statement of Cash Receipts and Donations for Designated Pur¬ 
poses. Also Disbursements, for the Year Ended April 30, 1915. 

Exhibit C. 


Receipts and Donations: 

Land, Building and Endowment fund—Interest,. $188.94 

Life Membership Fund—Interest,. 192.83 

International Electrical Congress of St. Louis Library Fund Donations, 

and Interest,.. ... 92.50 

Mailloux Fund—Interest,. 45^00 

Total,. $519.27 

Disbursements: 

Life Membership Fund,. $343 35 

Mailloux Fund,.. ...A 26! 75 

Total . $370.10 



RECEIPTS AND DISBURSEMENTS PER YEAR PER MEMBER. 

During each fiscal year for the past eight years. 

Year ending April 30. 1908 1909 1910 1911 1912 1913 1914 1915 

Membership, April 30, each 

year. 5674 6400 6681 7117 7459 7654 7876 8054 

Receipts per Member. $13.01 $13.21 $13.35 $13.37 $13.19 $13.45 $14.08 $14 06 

Disbursements per Member 11.73 10.49 12.03 11.03 12.44 15.57 12.86 13.54 

Cr f£ it .P alanceper Member H.28 $2.72 $1.32 $2.34 $ .75 *$2.12 $1.22 $ .52 

*Dencit. 


Respectfully submitted for the Board of Directors, 

F. L. HUTCHINSON, Secretary . 


New York, May 18, 1915. 
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SYNOPTICAL AND TOPICAL 


INDEX 


OF 

A. I. E. E. TRANSACTIONS 

Vol. XXXIV, Parts I and II 


The main headings under which these synopses are classified were 
arrived at by a careful study of all the papers contributed since the organi¬ 
zation of the Institute. 

The method of making this classification may be called the-automatic 
method, since it is created by sorting the papers themselves into groups 
and then naming the groups. 

Many papers fall naturally into several different groups and in such cases 
they are inserted under as many different heads as it is thought they 
rightfully belong. 

The classified synopses are designed for those searching for compre¬ 
hensive information on any given topic, while the subject index is in¬ 
tended for those looking up specific and definite data or information. 







MAIN SECTIONS OF SYNOPTICAL INDEX 


Page 

1 . Education. 3 

2 . General Theory. 3 

3. Units, Measurements and Instruments. 8 

4. Insulation and Dielectric Phenomena. 12 

5. Electric Conductors. 16 

6 . Magnetic Properties and Testing of Iron. 18 

7. Batteries. 

8 . Transformers. 19 

9. Electrical Machinery and Apparatus. 2l 

10. Prime Movers and Steam Boilers . 

11. Power Plants and Central Stations... 28 

12. Parallel Operation.. 29 

13. Transmission Lines.■.29 

14. Electric Service Disturbances and Protection.. 31 

15. Distribution Systems. 

16. Control, Regulation and Switching. 36 

17. Traction.... 40 

18. Lighting and Lamps. 42 

19. Electricity in the Army and Navy 42 

20. Miscellaneous Applications of Electricity. 43 

21 . Telephony and Telegraphy. 46 

22 . Miscellaneous Topics and Institute Affairs. 47 


























1. EDUCATION. 

SYMPOSIUM ON “THE STATUS OF THE ENGINEER” 

VoL xxxiv—1915, pp. 293-332 
Addresses by Messrs. L. B. Stillwell, E. W. Rice Jr„ E. M. Herr, Alex¬ 
ander C. Humphreys, George P. Swain, Henry G. Stott and J. J. Carty. 

2. GENERAL THEORY 

COMPARISON OF CALCULATED AND MEASURED CORONA LOSS CURVES 
* Peek ’ J r > Vol. xxxiv—1915, pp. 269-276 

Corona loss curves made by various investigators on experimental and 
practical lines are compared with others calculated by the quadratic law 
with same conditions as to spacing, diameter, altitude, etc. The varia¬ 
tions of theoretical and practical curves are accounted for and losses 
below visual critical voltage considered. 

Discussion , pages 277-278, by Messrs. J. B. Whitehead, Philip 
Torchio and F. W. Peek, Jr. 

General remarks on variation between theoretical and practical re¬ 
sults. Difficulty of obtaining readings under practical conditions. 

DISTORTION OF ALTERNATING-CURRENT WAVE CAUSED BY CYCLIC VARIA¬ 
TION IN RESISTANCE 

Frederick Bedell and E. C. Mayer Vol. xxxiv—1915, pp. 333-342 

Theoretical consideration of the distortion of current wave through 
creation of third harmonics caused by cyclic variation in resistance. 
Construction and comparison of curves, involving temperature lead and 
lag, positive and negative temperature coefficients, etc. 

Discussion , pages 343-348, by Messrs. Clayton H. Sharp, C. Field- 
Frank, L. W. Chubb, Charles R. Underhill, M. G. Lloyd and Frederick 
Bedell. 

General remarks on theory and on actual conditions occurring in an 
incandescent lamp circuit. 

THE FLOW OF ENERGY 

Robert A. Philip Vol. xxx i v — 1915j pp _ 779.808 

Description of a new graphical method of representing the flow of 
energy showing the functions of generators, motors, transformers, trans¬ 
mission lines, and other parts of an electric distributing system in terms 
of the flow of energy through them. 

No discussion. 

THE ELECTRIC STRENGTH OF AIR—VT 
J. B. Whitehead Vol. xxxiv—1915, pp. 1035-1057 

Some of the simpler fundamental experiments on the electrical con¬ 
ductivity of air are described. The theory of ionization in gases is out- 
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lined and Townsend’s proof that the law of corona forming intensity is 
in accord with the theory of ionization by collision is explained. 

Discussion , pages 1058-1066, by Messrs. P.H. Thomas, J. B. Whitehead, 
F. W. Peek, Jr., E. E. F. Creighton, H. J. Ryan and L. W. Chubb. 

Discussion of corona formation under various conditions and limita¬ 
tions. 


THE RELUCTANCE OF SOME IRREGULAR MAGNETIC FIELDS 
John F. H. Douglas Vol. xxxiv—1915, pp. 1067-1125 

Mathematical and experimental methods of determining magnetic re¬ 
luctance are discus :ed. The electric field of the electric generator is 
analyzed. The reluctance of various other magnetic fields is determined 
by experiment and mathematical computation. All results are put into 
charts and formulas for convenient use. The flux lines of transformers 
and induction motors are shown and the solution of the sine-wave alter¬ 
nator given. 

Discussion , pages 1126-1134, by Messrs. C. R. Underhill, F. W. Peek, 
Jr., C. A. Adams, J. D. Ball, P. M. Lincoln, P. H. Thomas, L. W. Chubb 
and F. W. Carter. 

A discussion of various magnetic fields encountered in machine design 
including the solenoid field and the dielectric field. 

FORM FACTOR AND ITS SIGNIFICANCE—-I 
Frederick Bedell, assisted by 

R. Bown and H. A. Pidgeon Vol. xxxiv—1915, pp. 1135-1142 

Significance of form factor in the study of transformer losses. Every 
wave shape has a definite form factor, but the converse is not true. Form 
factor, therefore, is shown to have no general significance as an indicator 
of wave form or distortion. A general expression for form factor is de¬ 
rived. 

Discussion , incorporated with that of paper by F. M. Mizushi on “An 
Analytical and Graphical Solution for Non-Sinusoidal Alternating 
Currents”. 

DISTORTION FACTORS—II 

Frederick Bedell, assisted by 

R. Bown and C. L. Swisher Vol. xxxiv—1915, pp. 1143-1157 

The significance and usefulness of deviation, peak factor, harmonic 
factor, curve factor and differential and integral distortion factor. A 
possible factor combining the differential and integral factors is suggested. 
Variation of the different factors with phase, amplitude and frequency 
is given. 

Discussion incorporated with that of paper by F. M. Mizushi on “An 
Analytical and Graphical Solution for Non-Sinusoidal Alternating 
Currents”. 

AN ANALYTICAL AND GRAPHICAL SOLUTION FOR NON-SINUSOIDAL ALTER¬ 
NATING-CURRENTS 

F. M. Mizushi Vol. xxxiv—1915, pp. 1159-1170 

The solution for sinusoidal currents, series circuits, may be modified 
by the introduction of current distortion factors to hold for non-sinusoidal 
currents. The usual solution for parallel circuits may likewise be modified 
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y similar voltage distortion factors. The general analytical solution 
tor both cases is, followed by the graphical solution and by special, cases. 

Discussion (including that of papers by F. Bedell, R. Bown, H. A. 
Pidgeon, and C. L. Swisher, and Report of Joint Committee on Inductive 
Interference), pages 1171-1200, by Messrs. C. A. Adams, L. W. Chubb 
H. S. Osborne, W. V. Lyon, W. I. Middleton, C. L. Dawes E E p* 
Creighton, J. B. Whitehead, W. J. Foster and F. Bedell. 

Discussion of the effect of frequency on telephone operation with re¬ 
commendations leading to the reduction of distortion of wave 'form in 
power circuits. A description of the pure wave generator. 

THE PHASE ANGLE OF CURRENT TRANSFORMERS 
• Dawes Vol. xxx i v __ 1915> pp 1585 _. 1598 

The determination of the phase angle of current transformers by means 
of a wattmeter and the corrections which must be applied to readings to 
correct unavoidable errors. Results of tests are given and the use of the 
a-c. potentiometer as a check method is described. 

^Discussion incorporated with that of paper by Charles Fortescue on 
The Calibration of Current Transformers by Means of Mutual Induc¬ 
tance.” 


THE CALIBRATION OF CURRENT TRANSFORMERS BY MEANS OF MUTUAL 

INDUCTANCE 

The Measurement of Mutual Inductance and Self-Inductance and Alternating-Current 

Resistance 


Charles Fortescue 


Vol. xxxiv—1915, pp. 1599-1615 


A statement of the reasons for the selection of mutual inductances as 
a means for calibrating current transformers and a description of the 
design and manufacture of the apparatus. Formula used in calculating 
mutual inductances and its limitation is given as well as methods of 
calibrating mutual inductances and of measuring rates and phase-dis¬ 
placements. An artificial method of loading transformers under test is 
proposed. 


Discussion (including that of paper by C. L. Dawes), pages 1616-1626, 
by Messrs. G. A. Campbell, L. W. Chubb, C. H. Sharp, J. R. Craighead, 
C. W. Bates and C. B. Dawes. 


A detailed discussion of general points involved in the paper with 
elaboration of certain points. 


AN I NVE STI GA TI °N OF DIELECTRIC LOSSES WITH THE CATHODE RAY TUBE 
John P. Minton V ol. xxxiv __ 1915> pp . i627 _ 1677 

This paper discusses the theory of the cathode ray tube wattmeter and 
shows how it can be used to determine directly the power factors of in¬ 
sulations. The development of the cathode ray tube and its auxiliary 
apparatus is discussed. Measurements of dielectric losses, power factors 
and currents for varnished cloth and oil-treated pressboards are given, 
curves plotted and the empirical equations derived from them stated. 
The large and harmful effects of moisture and high temperature are 
clearly shown. 

Discussion , pages 1678-1691, by Messrs. H. W. Fisher, R. W. Atkinson, 
F. W. Peek, Jr., C. L. Fortescue, W. C. Arsem, H. J. Ryan, R. P. Jackson, 
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C. L. Dawes, W. I. Middleton, C. H. Sharp, C. W. Davis and J. P. 
Minton. 

A general discussion of points involved in the paper and a comparison 
of losses in gas, liquid and solid insulations. 

THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 185/-1909 

An investigation of the various phenomena affecting the strength of 
dielectrics and means of protecting them from transient voltages. An 
impulse generator from which voltages of any wave front, length of tail, 
etc., can be obtained is described. The strength of air between spheres 
and needles is given as well as time and voltage required for rupture. 
Transient spark-over and corona voltages for wires, surface spark-over, 
effects of polarity, air density, practical application, etc., are given. 
Transient spark-over voltage and time are recorded for oil and various 
solid dielectrics. 

Discussion , pages 1910-1920, by Messrs. J. C. Clark, E. E. F. Creighton, 
P. H. Thomas, F. W. Peek, Jr., R. W. Sorensen, F. F. Brand, J. M. Weed 
and H. C. Stephens. 

A general discussion with particular emphasis on spark lag, wet and 
dry spark-over and ionization. 

EXPERIMENTAL RESEARCHES ON SKIN EFFECT IN CONDUCTORS 
A. E. Kennelly, F. W. Laws and P. H. Pierce Vol. xxxiv—1915. pp. 1953-2018 

The results of about one hundred series of tests, each covering a range 
in frequency up to about 5000 cycles per second, on the impedance of long 
loops of parallel conductors of different metals, sizes and cross-sectional 
forms. The measuring apparatus is described. The theory of skin 
effect in solid rods and in indefinitely wide fiat strips is appended. 

Discussion , pages 2019-2021, by Messrs. H. B. Dwight, J. E. Clem 
and L. P. Ferris. 

A general discussion with particular reference to skin effect of con¬ 
ductors located within a-c. machinery. 

HARMONICS IN TRANSFORMER MAGNETIZING CURRENTS 
J. F. Peters Vol. xxxiv—1915, pp. 2157-2173 

The cause and effects of higher harmonic currents in magnetizing cur¬ 
rents of transformers are shown and a hypothetical case is analyzed. The 
effects wdth common schemes of connecting transformers are also entered 
into. The reason -why third harmonics are not developed in “core-type" 
transformers connected star-star. 

Discussion , pages 2174-2182, by Messrs. D. I. Cone, L. P. Ferris, N. S. 
Diamant and J. F. Peters. 

Discussion of certain special cases and factors. 

PHENOMENA ACCOMPANYING TRANSMISSION WITH‘SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS 

L. N. Robinson Vol. xxxiv—1915, pp. 2183-2191 

This paper points out and explains some even harmonic phenomena 
attending the operation of star-star connected banks of transformers hav¬ 
ing grounded neutral on the line side only. 
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Discussion , pages 2192-2195, by Messrs.. H. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, P. F. Brand and L. N. Robinson. 

Remarks for and against the use of grounded neutral and tertiary delta. 

ABNORMAL VOLTAGES IN TRANSFORMERS 
J. Murray Weed Vol. xxxiv—1915, pp. 2197-2232 

The paper deals with the electrical behavior of transformer windings 
when subjected to steep wave fronts and high-frequency wave trains. 
The dependance of the internal voltages produced, upon the distribution 
of capacity with the inductance of the winding, is discussed. An analysis 
is made of the facts and fundamental principles involved which will en¬ 
able us to insulate for and guard against excessive internal voltages in a 
more scientific manner. 

Discussion , pages 2233-2236, by Messrs. R. W. Sorensen, F. F. Brand 
P. H. Thomas and J. M. Weed. 

A general discussion of methods of eliminating abnormal voltages in 
distribution systems. 

CALCULATION OF SUDDEN SHORT-CIRCUIT PHENOMENA OF ALTERNATORS 
N. S. Diamant Vol. xxxiv—1915, pp. 2237-2273 

The theory and explanation of the electromagnetic phenomena in¬ 
volved in the sudden short circuit of alternators, as given by Berg and 
Boucherot, is briefly considered. New methods are developed for the ex¬ 
perimental determination of these quantities. Also new methods are 
given, based on theoretical equations, for the calculation of short circuits 
directly from oscillographic records. 

Data relating to the short circuit of a 45-kv-a. alternator are given; 
also an electrical device, designed by the writer for short circuiting a 
machine at any given po nt of the e. m. f. wave. 

Discussion , pages 2274-2278, by Messrs. P. D. Newbury, C. J. Fech- 
heimer and N. S. Diamant. 

A general discussion of theoretical determinations vs. actual tests of 
short-circuit phenomena. 

THE REPULSION START INDUCTION MOTOR 
James L. Hamilton Vol. xxxiv-—1915, pp. 2443-2474 

This paper sets forth the general characteristics of the repulsion start 
induction motor and compares them with similar characteristics of d-c. 
motors and other a-c. motors. It outlines a definite and commercially 
practicable method of studying the electrical design of existing motors 
and of predetermining the design of new or proposed motors. 

Discussion , pages 2475-2482, by Messrs. H. Weichsel, C. A. Weber, 
F. J. Bullivant, M. Brooks and J. L. Hamilton. 

A general discussion of the design methods given by the author. 

SINGLE-PHASE SQUIRREL-CAGE MOTOR WITH LARGE STARTING TORQUE 
AND PHASE CONPENSATION 

Val A. Fynn Vol. xxxiv—1915, pp. 2483-2508 

A description of a new single-phase motor which develops a large start¬ 
ing torque and operates with unity power factor. It outlinesJfhe manner 
in which the machine was developed, discusses the theory of its operation 
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as well as novel points in its design and gives a number of test results 
obtained with motors of different sizes. 

Discussion , page 2509, by Mr. H. Weichsel. 

A brief description of the working characteristics of the motor. 

THE CALCULATION OF THE LONG DISTANCE TRANSMISSION LINE UNDER 
CONSTANT ALTERNATING VOLTAGE 

G. R. Dean Vol. xxxiv—1915, pp. 2511-2532 

A mathematical dissertation on the real and imaginary quantities in¬ 
volved in the general solution of the differential equations which express 
the relations existing between current and voltage at any point of a trans¬ 
mission line. Special cases and numerical examples are worked out in 
detail. 

No discussion. 

DECOMPOSING MAGNETIC FIELDS INTO THEIR HIGHER HARMONICS 

H. Weichsel Vol. — 1915 , pp . 2721-2738 

_ A description of methods of decomposing a magnetic field into its 
higher harmonics by representing the field shapes as geometrical figures 
composed of a number of triangular waves with certain phase displace¬ 
ments against each other. This avoids in many cases the usual long 
mathematical operations. Equations are deduced for the harmonics of 
various wave shapes based upon Fourier's equation for a triangular field. 

Discussion , pages 2739-2745, by Messrs. G. R. Dean, J. L. Hamilton, 
N. S. Diamant, L. W. Chubb and H. Weichsel. 

A general discussion of the methods employed by the author in decom¬ 
posing magnetic fie'ds. 

3. UNITS, MEASUREMENTS AND INSTRUMENTS 

ELECTRICAL PORCELAIN 

I. Testing with a High Frequency Oscillator. II. The Problematical Points of Manufac¬ 

ture. III. Experiences and Experimental Investigations 
E. E. F. Creighton Vol. xxxiv— 4945 , pp . 465-552 

Part 1 treats of the reasons for using the high-frequency oscillator, its 
great value in the detection of flaws, punctures, etc. A description of the 
apparatus is given. Part 2 shows the principal factors in the manufacture 
of porcelain which affect the final product and are all important in obtain¬ 
ing a good electrical porcelain. Part 3 contains data on high-frequency 
tests. Methods of examining and determining the homogeneity of porce¬ 
lain. 

Discussion , pages 553-576, by Messrs. A. 0. Austin, C. Field-Frank, 

J. T. Lawson, P. W. Sothman, F. Osgood, L. L. Israel, R. P. Jackson’ 
W. H. Jacobi, J. C. Smith, H. J. Ryan and J. S. Lapp. 

Advantages and disadvantages of various methods. Performance data 
of insulators on lines of various voltages. 

FORM FACTOR AND ITS SIGNIFICANCE -1 
Frederick Bedell, assisted by 

R. Bown and H. A. Pidgeon Vol. xxxiv-1915, pp. 1135-1142 

Significance of form factor in the study of transformer losses. Every 
wave shape has a definite form factor, but the converse is not true. Form 
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factor, therefore, is shown to have no general significance as an indicator 
of wave form or distortion. A general expression for form factor is de¬ 
rived. 

Disciission incorporated with that of paper by F. M. Mizushi on “An 
Analytical and Graphical Solution for Non-Sinusoidal Alternating 
Currents”. 


C. L. Dawes 


THE PHASE ANGLE OF CURRENT TRANSFORMERS 

Vol. xxxiv—1915, pp. 1585-1598 


The determination of the phase angle of current transformers by means 
of a wattmeter and the corrections which must be applied- to readings to 
correct unavoidable errors. Results of tests are given and the use of the 
a-c. potentiometer as a check method is described. 


i( D ^cussion incorporated with that of paper by Charles Fortescue on 
“The Calibration of Current Transformers by Means of Mutual Indue- 
tance.” 


THE CALIBRATION OF CURRENT TRANSFORMERS BY MEANS OF MUTUAL 

INDUCTANCE 

The Measurement of Mutual Inductance and Self-Inductance and Alternating Current 

Resistance 

Charles Fortescue Vol. xxx i v — 1915 , pp . i 599 _iei 5 

A statement of the reasons for the selection of mutual inductances as a 
means for calibrating current transformers and a description of the design 
and manufacture of the apparatus. Formula used in calculating mutual 
inductances and its limitation is given as well as methods of calibrating 
mutual inductances and of measuring rates and phase-displacements. 
An artificial method of loading transformers under test is proposed. 

Discussion (including that of paper by C. L. Dawes), pages 1616-1626, 
by Messrs. G. A. Campbell, L. W. Chubb, C. H. Sharp, J. R. Craighead, 
C. W. Bates and C. L. Dawes. 

A detailed discussion of general points involved in the paper with 
elaboration of certain points. 

AN INVESTIGATION OF DIELECTRIC LOSSES WITH THE CATHODE RAY TUBE 
John P. Minton Vol. xxxiv—1915, pp. 1627-1677 

This paper discusses the theory of the cathode ray tube wattmeter and 
shows how it can be used to determine directly the power factors of in¬ 
sulations. The development of the cathode ray tube and its auxiliary 
apparatus is discussed. Measurements of dielectric losses, power factors 
and currents for varnished cloth and oil-treated pressboards are given, 
curves plotted and the empirical equations derived from them stated. 
The large and harmful effects of moisture and high temperature are 
clearly shown. 

Discussion , pages 1678-1691, by Messrs. H. W. Fisher, R. W. Atkinson, 
F. W. Peek, Jr., C. L. Fortescue, W. C. Arsem, H. J. Ryan, R. P. Jackson, 
C. L. Dawes, W. I. Middleton, C. H. Sharp, C. W. Davis and J. P. 
Minton. 

A general discussion of points involved in the paper and a comparison 
of losses in gas, liquid and solid insulations, 
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THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 1857-1909 

An investigation of the various phenomena affecting the strength of 
dielectrics and means of protecting them from transient voltages. An 
impulse generator from which voltages of any wave front, length of tail, 
etc., can be obtained is described. The strength of air between spheres 
and needles is given as well as time and voltage required for rupture. 
Transient spark-over and corona voltages for wires, surface spark-over, 
effects of polarity, air density, practical application, etc., are given. 
Transient spark-over voltage and time are recorded for oil and various 
solid dielectrics. 

Discussion , pages 1910-1920, by Messrs. J. C. Clark, E. E. P. Creighton, 
P. H. Thomas, F. W. Peek, Jr., R. W. Sorensen, F. F. Brand, J. M. Weed 
and H. C. Stephens. 

A general discussion with particular emphasis on spark lag, wet and dry 
spark-over and ionization. 

EXPERIMENTAL RESEARCHES ON SKIN EFFECT IN CONDUCTORS 
A. E. Kennelly, F. W. Laws and P. H. Pierce Vol. xxxiv—1915, pp. 1953-2018 

The results of about one hundred series of tests, each covering a range 
in frequency up to about 5000 cycles per second, on the impedance of 
long loops of parallel conductors of different metals, sizes and cross- 
sectional forms. The measuring apparatus is described'. The theory of 
skin effect in solid rods and in indefinitely wide flat strips is appended.. 

Discussion , pages 2019-2021, by Messrs. H. B. Dwight, J. E. Clem 
and L. P. Ferris. 

A general discussion with particular reference to skin effect of con¬ 
ductors located within a-c. machinery. 

CALCULATION OF SUDDEN SHORT-CIRCUIT PHENOMENA OF ALTERNATORS 
N. S. Diamant Vol. xxxiv—1915, pp. '2237-2273 

The theory and explanation of the electromagnetic phenomena involved 
in the sudden short circuit of alternators, as given by Berg and Boucherot, 
is briefly considered. New methods are developed for the experimental 
determination of these quantities. Also new methods are given, based on 
theoretical equations, for the calculation of short circuits directly from 
oscillographic records. 

Data relating to the short circuit of a 45-kv-a. alternator are given; 
also an electrical device, designed by the writer for short circuiting a 
machine at any given point of the e. m. f. wave. 

Discussion , pages 2274-2278, by Messrs. F. D. Newbury, C. J. Fech- 
heimer and N. S. Diamant. 

A general discussion of theoretical determinations vs. actual tests of 
short-circuit phenomena. 

rates and rate making 

Paul M. Lincoln Vol. xxxiv — 1915j pp 2 279-2318 

The necessity of recognizing load factor in rate schedules is emphasized. 
To obtain load factor necessitates the measurement of maximum demand; 
a new maximum demand meter is described which depends upon heat and 
heat storage. The theory of such meters is discussed. A new method of 
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measuring power factor a^d volt-amperes is disclosed and a method of 
recognizing powder factor in the rate for electric service is discussed. 

Discussion, pages 2319-2360, by Messrs. W. McClellan, E. J. Cheney, 
P. Betts, J. W. Lieb, H. G. Stott, C. I. Hall, J. B. Taylor, H. W. Peck, 
H. Goodwin, Jr., W. N. Polakov, T. Jones, A.W. Burke, F. T. Leilich, R. S. 
Hale, E. J. Blake, A. Dow, J. G. De Remer, F. A. Sager, E. P. Roberts, 
R. A. Philip, H. L. Wallau, R. A. Lundquist, J. D. Mortimer, L. R. Lee, 
and P. M. Lincoln. 

■A general discussion for and against various methods of rate making. 

THE CALCULATION OF THE LONG DISTANCE TRANSMISSION LINE UNDER 
CONSTANT ALTERNATING VOLTAGE 

G. R. Dean Vol. xxxiv—1915, pp. 2511-2532 

A mathematical dissertation on the real and imaginary quantities 
involved in the general -solution of the differential equations which ex¬ 
press the relations existing between current and voltage at any point of a 
transmission line. Special cases and numerical examples are worked out 
in detail. 

No discussion. 

THE MAGNETIC PROPERTIES OF SOME IRON ALLOYS 
Trygve D. Yensen Vol. xxxiv—1915, pp. 2601-2641 

A description of experiments -on various alloys of electrolytic iron 
melted in vacuo with other elements. The author deals briefly with the 
iron-boron and iron-carbon alloys, and presents results obtained with the 
iron-cobalt alloy. The iron-silicon alloy is treated in greater detail and 
most remarkable results are given. 

Discussion , pages 2642-2670, by Messrs. T. Spooner, W. J. Wooldridge, 
J. D. Ball, M. Brooks, M. G. Lloyd, L. T. Robinson, N. W. Storer, C. W. 
Burrows, R. L. Sanford and T. D. Yensen. 

A discussion of general conditions surrounding the testing of iron alloys 
and of results obtained by the author and other investigators. 

THE EFFECT OF DISPLACED MAGNETIC PULSATIONS ON THE HYSTERESIS 
LOSS OF SHEET STEEL 

L. W. Chubb and Thomas Spooner Vol. xxxiv—1915, pp. 2671-2692 

A study of the constant varying reluctance to which the teeth of re¬ 
volving electrical apparatus is subjected and the resultant displaced 
hysteresis loops. It is pointed out that the data from these displaced 
hysteresis loops limit the applicability of the Steinmetz formula to sym¬ 
metrical loops. Recent tests and apparatus used, are described. 

Discussion incorporated with that of paper by John D. Ball on “The 
Unsymmetrical Hysteresis Loop". 

THE UNSYMMETRICAL HYSTERESIS LOOP 
John D. Ball . Vol. xxxiv—1915, pp.[2693-2715 

Results and analyses of tests to determine losses in hysteresis loops 
wherein the magnetism is carried through cycles in which limiting values 
of flux are different in amount or the mean values of flux differ from zero. ’ 
Such variations of magnetism occur in inductor generators, in teeth of in¬ 
duction machines, and in materials magnetized from rectifier circuits. 




12 


SYNOPTICAL INDEX 


Discussion (including that of paper by L. W. Chubb and Thomas 
Spooner), pages 2716-2720, by Messrs. M. G. Lloyd, T. D. Yensen, 
T. Spooner and J. D. Ball. 

A discussion of various methods of measurement and results obtained 
in each. 


EXPERIMENTAL DATA CONCERNING THE SAFE OPERATING TEMPERATURE 
FOR MICA ARMATURE COIL INSULATION 
F. D. Newbury Vol. xxx i v __ 1915j pp> 2747-2764 

The results of three series of tests made on the first 3750-kv-a. generator 
installed at Niagara Falls, to determine internal copper temperatures. 
The object of the tests was to obtain data to assist in the determination 
of the safe maximum temperature of built-up mica-and-cambric (or mica- 
and-paper) insulation. The operating history of the generator is given. 
Tests show that when suitable mica insulation is used 150 deg. is a con¬ 
servative limit. 

Discussion, pages 2765-2780, by Messrs. P. Torchio, W. J. Foster 
B. A. Behrend, H. P. Wood, C. F. Scott, H. F. Erben, C. E. Skinner,’ 
J. B. Fisken, P. M. Lincoln, F. W. Peek, T. E. Fowler, W. L. Waters! 
E. W. Stevenson and F. D. Newbury. 

A discussion of the various factors to be considered in the establish¬ 
ment of a standard limiting temperature for insulation. 


4. INSULATION AND DIELECTRIC PHENOMENA 

COMPARISON OF CALCULATED AND MEASURED CORONA LOSS CURVES 
F. W. Peek, Jr. Vol . xxxiv-1915, pp. 269-276 

Corona loss curves made by various investigators on experimental and 
pract cal lines are compared with others calculated by the quadratic law 
with same conditions as to spacing, diameter altitude, etc. The varia¬ 
tions of theoretical and practical curves are accounted for and losses 
below visual critical voltage considered. 

Dtscusstofi, pages 277-278, by Messrs. J. B. Whitehead, Philip 
Torchio and F. W. Peek, Jr. 

General remarks on variation between theoretical and practical re¬ 
sults. Difficulty of obtaining readings under practical conditions. 


F. G Cottrell 


ELECTRICAL PRECIPITATION 

Vol. xxxiv—1915, pp. 387-396 


Historical sketch. 

. Discussion, incorporated with that of papers by W. W. Strong A. F. 
Nesbit and Linn Bradley. . & 


w. W. Strong 


ELECTRICAL PRECIPITATION 
Theory of the Removal of Suspended Matter from Fluids 

Vol. xxxiv—1915, pp. 397-404 


Method of calculating the amount of energy to remove suspended matter 
irom fluids and relative efficiencies of various methods. The manner of 
distribution of energy of corona discharge and nature of ionization dis¬ 
cussed. The application of the theory and the limits of usefulness 
Discussion incorporated with that of papers by Messrs. F. G. Cottrell, 
A. F. Nesbit and Linn Bradley. 
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THE THEORETICAL AND EXPERIMENTAL CONSIDERATION OF ELECTRICAL 
PRECIPITATION 

A. F. Nesbit Vol. xxxiv—1915, pp. 405-420 

Theory of electrical precipitation of suspended matter in gases is in¬ 
separably connected with the phenomena of ionization and laws of elec¬ 
trically charged bodies. Demonstration of precipitation in nature and 
the action of ionization, gravitation and the electric field. Data showing 
the superiority of negative corona and relative effectiveness of size and 
shape of electrodes, temperature and conductance of gases, polarity and 
uniformity of corona. 

Discussion incorporated wi h that of papers of Messrs. F. G. Cottrell, 
W. W. Strong and Linn Bradley. 

PRACTICAL APPLICATIONS OF ELECTRICAL PRECIPITATION AND PROGRESS 
OF THE RESEARCH CORPORATION 

Linn Bradley Vol. xxxiv *—1915, pp. 421-457 

Technical and financ al progress made by the Research Corporation 
•since- its organization with detailed description of several installations 
including data on voltages, electrode spac'ngs, power consumption, etc. 
Mention is made of improvements in apparatus, the tendency toward 
standardization, and the field opening up for application. A selected 
bibliography is included. 

Discussion (including that of papers by F. G. Cottrell, W. W. Strong 
and A. F. Nesbit), pages 458-464, by Messrs. W. S. Franklin Linn 
Bradley, Saul Dushman, Halbert P. Hill, A. F. Nesbit, L. W. Chubb, 
John B. Taylor, J. H. Davis, W. W. Strong and S. M. Kin trier. 

Criticisms and approvals of various methods and additional data on 
certain operations. 

ELECTRICAL PORCELAIN 

I. Testing with a High Frequency Oscillator. II. The Problematical Points of Manufac¬ 

ture. III. Experiences and Experimental Investigations. 

E. E. F. Creighton Vol. xxxiv—1915, pp.466-652 

Part I treats of the reasons for using the high-frequency oscillator, its 
great value in the detection of flaws, punctures, etc. A descr pi ion of the 
apparatus is given. Part II shows the principal factors in the manu¬ 
facture of porcela n which affect the final product and are all important 
in obtaining a good electrical porcelain. Part III contains data on high- 
frequency tests. Methods of examining and determining the homo¬ 
geneity of porcelain. 

Discussion, pages 553-576, by Messrs. A. O. Austin, C. Field-Prank, 

J. T. Lawson, P. W. Sothman, F. Osgood, L. L. Israel, R. P Jackson* 

W. H. Jacobi, J. C. Smith, H. J. Ryan and J. S. Lapp. ‘ ’ ’ 

Advantages and disadvantages of various methods. Performance 
data of insulators on lines of various voltages. 

CONTINUOUS WAVES IN LONG DISTANCE RADIO TELEGRAPHY 
L. F. Fuller Vol. xxxiv-.1916, pp. 809-827 

The theoretical transmission equations for both continuous and damped 
waves are considered with the empirical formulas for the latter. Ability 
to predetermine the probable normal daylight-sending radius* of high- 
powered radio stations. Experiments with continuous waves between 
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San Francisco and Honolulu and the empirical formula derived. Curves 
for both day and night conditions are shown. Effects of changes of wave 
lengths upon transmission efficiency are discussed. 

Discussion , pages 828-841, by Messrs. Alfred N. Goldsmith, J. Zenneck 
Lee de Forest, A. J. Hepburn, E. F. W. Alexanderson, G. H. Clark and 
L. F. Fuller. 

Alternators for radio frequencies. The use of the arc as a generator. 
Discussion of “sunrise effect”, interference, audibility and divergence 
factors. 


THE ELECTRIC STRENGTH OF AIR-—VI 
J. B. Whitehead Vol. xxxiv—1915, pp. 1035-1057 

Some of the simpler fundamental experiments on the electrical con¬ 
ductivity of air are described. The theory of ionization in gases is out¬ 
lined and Townsend’s proof that the law of corona forming intensity is 
in accord with the theory of ionization by collision is explained. 

Discussion , pages 1058-1066, by Messrs. P. H. Thomas, J. B. Whitehead- 
F. W. Peek, Jr., E. E. F. Creighton, H. J. Ryan and L. W. Chubb. 

Discussion of corona formation under various conditions and limita¬ 
tions. 


THE RELUCTANCE OF SOME IRREGULAR MAGNETIC FIELDS 
John F. H. Douglass Vol. xxxiv—1915, pp. 1067-1125 

Mathematical and experimental methods of determining magnetic 
reluctance are discussed. The electric field of the electric generator is 
analyzed. The reluctance of various other magnetic fields is determined 
by experiment and mathematical computation. All results are put into 
charts and formulas for convenient use. The flux lines of transformers 
and induction motors are shown and the solution of the sine-wave alter¬ 
nators given. 

Discussion , pages 1126-1134, by Messrs. C. R. Underhill, F. W. Peek, 
Jr., C. A. Adams, J. D. Ball, P. M. Lincoln, P. H. Thomas, L. W. Chubb, 
and F. W. Carter. 

A discussion of various magnetic fields encountered in machine design 
including the solenoid field and the dielectric field. 

FOUR YEARS OPERATING EXPERIENCE *ON A HIGH-TENSION TRANSMISSION 

LINE 

A. Bang Vol. xxxiv—1915, pp. 1243-1263 

A careful record of all operating events of the high-tension transmission 
line of the Pennsylvania Water and Power Company’s hydroelectric 
plant at Holtwood, Pa. Certain observations made on lightning flash- 
overs, deterioration of insulators, sleet on cables, and various means 
adopted to prevent disturbances to operation from these causes. 

Discussion (including that of papers by J. A. Walls, J. B. Leeper, W. E. 
Mitchell, P. M. Downing, F. C. Connery), pages 1264-1273, by Messrs. 
R. J. McClelland, A. S. McAllister, E. E. F. Creighton, E. A. Lof, L. C. 
Nicholson, J. B. Leeper and R. Bennett. 

A general discussion of tower design, causes of failure, deterioration 
and failure of insulators. 
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AN INVESTIGATION OF DIELECTRIC LOSSES WITH THE CATHODE RAY TUBE 
John P. Minton Vol. xxxiv— 1915, pp. 1627-1677 

This paper discusses the theory of the cathode ray £ube wattmeter and 
shows how it can be used to determine directly the power factors of in- * 
sulations. The development of the cathode ray tube and its auxiliary 
apparatus is discussed. Measurements of dielectric losses, power factors 
and currents for varnished cloth and oil-treated pressboards are given, 
curves plotted and the empirical equations derived from them stated. 
The large and harmful effects of moisture and high temperature are 
clearly shown. 

Discussion , pages 1678-1691, by Messrs. H. W. Fisher, R. W. Atkinson, 

F. W. Peek, Jr., C. L. Fortescue, W. C. Arsem, H. J. Ryan, R. P. Jackson 
C. L. Dawes, W. I. Middleton, C. H. Sharp, C. W. Davis and J. P. Minton. 

A general discussion of points involved in the paper and a comparison 
of losses in gas, liquid and solid insulations. 

THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 1857-1909 

An investigation of the various phenomena affecting the strength of 
dielectrics and means of protecting them from transient voltages. An 
impulse generator from which voltages of any wave front, length of tail, 
etc., can be obtained, is described. The strength of air between spheres 
and needles is given as well as time and voltage required for rupture. 
Transient spark-over and corona voltages for wires, surface spark-over, 
effects of polarity, air density, practical application, etc., are given. 
Transient spark-over voltage and time are recorded for oil and various 
so id dielectrics. 

Discussion , pages 1910-1920, by Messrs. J. C. Clark, E. E. F. Creighton, 

P. H. Thomas, F. W. Peek, Jr., R. W. Sorensen, F. F. Brand, J. M. Weed, 
and H. C. Stephens. 

A general discussion with particular emphasis on spark lag, wet and dry 
spark-over and ionization, 

ARC PHENOMENA 

A. G. Collis Vol. xxxiv—1915, pp. 1921-1940 

A study of the arc phenomena accompanying the rupture of circuits 
in oil switches and description of a number of experiments made to de¬ 
termine the influence of differently shaped arcing contacts upon the 
disturbances following rupture of an a-c. circuit. The use of reactors is 
also considered. 

Discussion , pages 1941-1951, by Messrs. E. B. Merriam, C. Lichten- 
berg, F. W. Harris and W. D. Peaslee. 

A comparison of the experiences of others with those of the author. 

DISCUSSION ON “REPORT BY THE JOINT COMMITTEE ON INDUCTIVE 

INTERFERENCE” 

Vol. xxxiv—1915, pp. 2113-2125 

The factors nvolved in inductive interference and methods of limiting 
or counteracting them with special reference to high frequency, reduction 
of harmonics and forms of line construction and transformer installation. 
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OVERHEAD ELECTROLYSIS 
S. L. Foster 


AND PORCELAIN STRAIN INSULATORS 

Vol. xxxiv—1915, pp. 2127-2136 


A description of the leakage of current from trolley wires to earth 
* through insulated supports on all e'ectrical overhead construction and the 
effect of this leakage on power and guy wires. The proper design of in¬ 
sulators to prevent this leakage. Electrolytic action caused by use of 
dissimilar metals, sulphuric acid and other fumes. A description of 
troubles, causes and cures in the San Francisco section. 

Discussion , pages 2137-2140, by Messrs. L. W. Webb, L. Addicks, 
S. L. Foster, J. B. Fisken, J. H. Finney, T. M. Stateler and Paul L. Ost. 

A general discussion of overhead electrolysis. 


EXPERIMENTAL DAT'A CONCERNING THE SAFE OPERATING TEMPERATURE 
FOR MICA ARMATURE COIL INSULATION 
F. D. Newbury Vol. xxxiv—1915, pp. 2747-2764 

The results of three series of tests made on the first 3750-kv-a. gen¬ 
erator installed at Niagara Falls, to determine internal copper tempera¬ 
tures. The object of the tests was to obtain data to assist in the deter- 
minat.on of the safe maximum temperature of built-up mica-and-cambric 
(or mica-and-paper) insulation. The operating history of the generator 
is given. Tests show that when suitable mica insulation is used, 150 deg. 
is a conservative limit. 

Discussion , pages 2765-2780, by Messrs. P. Torchio, W. J. Foster, 
B. A. Behrend, H. P. Wood, C. F. Scott, H. F. Erben, C. E. Skinner, 
J. B. Fisken, P. M. Lincoln, F. W. Peek, T.E. Fowler, W. L. Waters, 
E. W. Stevenson and F. D. Newbury. 

A discussion of the various factors to be considered in the establishment 
of a standard limiting temperature for insulation. 


5. ELECTRIC CONDUCTORS 

THEORETICAL INVESTIGATION OF ELECTRIC TRANSMISSION SYSTEMS 
UNDER SHORT CIRCUIT CONDITIONS 
I. W. Gross Vol. xxxiv—1915, pp. 23-67 

' An investigation of the mechanical forces between busbars and the 
phases of three-conductor cables under short-circuit conditions. An 
analytical treatment of heating with typical curves. The effect veness 
of reactors. 

Discussion , pages 68-84, by Messrs. Henry G. Scott, Philip Torchio, 
Cassius M. Davis, H. R. Woodrow, James Lyman, John B. Taylor,* 
R. W. Atkinson, Charles L. Fortescue, Hans Lippelt, S. I. Oesterreicher 
Alfred E. Waller and I. W. Gross. 

General discussion of the mechanical forces created by short-circuit 
conditions and the resisting forces in cables. The grouping of reactors. 

EFFECT OF MOISTURE IN THE EARTH ON TEMPERATURE OF UNDERGROUND 

CABLES 

L. E. Imlay , y , . 

Vol xxxiv—1915, pp. 233-240 

Description of investigations of temperature of underground cables 
and methods suggested for elimination of hot spots and general lowering 
of temperature below danger point. Statistics and curves of seasonal 
variations m cable temperature. 
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* Discussion , pages 241-245, by Messrs. Charles W. Davis, H. W. Fisher, 
W. S. Clark, J. P. Wintringham, C. A. Adams, W. S. Franklin, P. W. 
Sothman and George N. Lemmon. 

Errors liable to occur in determining cable temperatures. European 
practise. 

DISTORTION OF ALTERNATING-CURRENT WAVE CAUSED BY CYCLIC VARIA¬ 
TION IN RESISTANCE 

Frederick Bedell and E. C. Mayer Vol. xxxiv—1915, pp. 333-342 

Theoretical consideration of the distortion of current wave through 
creation of third harmonics caused by cyclic variation in resistance. Con¬ 
struction and comparison of curves, involving temperature lead and lag, 
positive and negative temperature co-efficients, etc. 

Discussion , pages 343.348, by Messrs. Clayton H. Sharp, C. Field- 
Frank, L. W. Chubb, Charles R. Underhill, M. G. Lloyd and Frederick 
Bedell. 

General remarks on theory and on actual conditions occurring in an 
incandescent lamp circuit. 

PHYSICAL LIMITATIONS IN D-C. COMMUTATING MACHINERY 
B. G. Lamme Vol. xxxiv—1915, pp. 1739-1794 

The theory of commutation is considered only in its relation to the 
e. m. fs. generated in the coils short circuited by the brush; the ' miting 
e. m. fs. per commutator bar and per brush are shown to be fixed princi¬ 
pally by brush contact resistance. F ashing, burning of commutators, 
high mica, picking up of copper, noise vibration and fl ckering of voltage 
are taken up with their various inter-relations. A brief chapter is given 
on design limitations and an appendix covering a method for determining 
maximum capacity of d-c. machines in terms of the short circuit volts 
per commutator bar. 

Discussion , pages 1795-1800, by Messrs. E. H. Martindale, H. R. 
Summerhayes, Gano Dunn and F. D. Newbury. 

An enlargement of certain details of the paper with special emphasis 
on contact drop. 

EXPERIMENTAL RESEARCHES ON SKIN EFFECT IN CONDUCTORS 
A. E. Kennelly, F. W. Laws and P. H. Pierce Vol. xxxiv—1915, pp. 1953-2018 

The results of about one hundred series of tests, each cover’ng a range 
in frequency up to about 5000 cycles per second, on the .impedance of 
long loops of parallel conductors of different metals, sizes and cross- 
sectional forms. The measuring apparatus is described. The theory of 
skin effect in solid rods and in indefinitely wide flat strips is appended; 

Discussion, pages 2019-2021, by Messrs. H. B. Dwight, J. E. Clem and 
L. P. Ferris. 

A general discussion with particular • reference to skin effect of con¬ 
ductors located within a-c. machinery. 

OVERHEAD ELECTROLYSIS AND PORCELAIN STRAIN INSULATORS 
S. L. Foster Vol. xxxiv—1915, pp. 2127-2136 

A description of the leakage of current from trolley wires to earth 
through insulated supports on all electrical overhead construction and 
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the effect of this leakage on power and guy wires. The proper design of 
insulators to prevent this leakage. Electrolytic. action caused by use of 
dissimilar metals, sulphuric acid and other fumes. A description of 
troubles, causes and cures in the San Francisco section. 

Discussion , pages 2137-2140, by Messrs. L. W. Webb, L. Addicks, 
S. L. Foster, J. B. Fisken, J. H. Finney, T. M. Stateler and Paul L. Ost. 
A general discussion of overhead electrolysis. 

THE CALCULATION OF THE LONG DISTANCE TRANSMISSION LINE UNDER 
CONSTANT ALTERNATING VOLTAGE 

G. R. Dean Vol. xxxiv—1915, pp. 2511-2532 

A mathematical dissertation on the real and imaginary quantities 
involved in the general solution of the differential equations which express 
the relations existing between current and voltage at any point of a trans¬ 
mission line. Special cases and numerical examples are worked out in 
detail. 

No discussion. 

• 6. MAGNETIC PROPERTIES AND TESTING OF IRON 

THE RELUCTANCE OF SOME IRREGULAR MAGNETIC FIELDS 
John F. H. Douglas Vol. xxxiv—1915, pp. 1067-1125 

Mathematical and experimental methods of determining magnetic 
reluctance are discussed. The electric field of the electric generator is 
analyzed. The reluctance of various other magnetic fields is determined 
by experiment and mathematical computation. All results are put into 
charts and formulas for convenient use. The flux lines of transformers 
and induction motors are shown and the solution of the sine-wave alter¬ 
nator given. 

Discussion , pages 1126-1134, by Messrs. C. R. Underhill, F. W. Peek, 
Jr., C. A. Adams, J. D. Ball, P. M. Lincoln, P. H. Thomas, L. W. Chubb 
and F. W. Carter. 

A discussion of various magnetic fields encountered in machine design 
including the solenoid field and the dielectric field. 

THE MAGNETIC PROPERTIES OF SOME IRON ALLOYS 
Trygve D. Yenseu Vol. xxxiv—1915, pp. 2601-2641 

A description of experiments on various alloys of electrolytic iron 
melted in vacuo with other elements. The author deals briefly with the 
iron-boron and iron-carbon alloys, and presents results obtained with the 
iron-cobalt alloy. The iron-silicon alloy is treated in greater detail and' 
most remarkable results are given. 

Discussion , pages 2642-2670, by Messrs. T. Spooner, W. J. Wooldridge, 
J. D. Ball, M. Brooks, M. G. Lloyd, L. T. Robinson, N. W. Storer, C. W. 
Burrows, R. L. Sanford and T. D. Yensen. 

A discussion of general conditions surrounding the testing of iron alloys 
and of results obtained by the author and other investigators. 

THE EFFECT OF DISPLACED MAGNETIC PULSATIONS ON THE HYSTERESIS 
LOSS OF SHEET STEEL 

L. W. Chubb and Thomas Spooner Vol. xxxiv—1915, p. 2671-2692 

A study of the constant varying reluctance to which the teeth of re¬ 
volving electrical apparatus is subjected and the resultant displaced 
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hysteresis loops. It is pointed out that the data from these displaced 
hysteresis loops limit the applicability of the Steinmetz formula to sym¬ 
metrical loops. Recent tests and apparatus used, are described. 

Discussion incorporated with that of paper by John D. Ball on "The 
Unsymmetrical Hysteresis Loop.” 

THE UNSYMMETRICAL HYSTERSIS LOOP 
John D. Ball Vol. xxxiv—1915, pp. 2693-2715 

v Results and analyses of tests to determine losses in hysteresis loops 
wherein the magnetism is carried through cycles in which limiting values 
of flux are different in amount or the mean values of flux 
differ from zero. Such variations of magnetism incur in inductor 
generators, in teeth of induction machines, and in materials magnetized 
from rectifier circuits. 

Discussion (including that of paper by L. W. Chubb and Thomas 
Spooner), pages 2716-2720, by Messrs. M. G. Lloyd, T. D. Yensen, 
T. Spooner and J. D. Ball. 

A discussion of various methods of measurement and results obtained 
in each. 

DECOMPOSING MAGNETIC FIELDS INTO THEIR HIGHER HARMONICS 
H. Weichsel Vol. xxxiv—1915, pp. 2721-2738 

A description of methods of decomposing a magnetic field into its 
higher harmonics by representing the .field shapes as geometrical figures 
composed of a number of triangular waves with certain phase displace¬ 
ments against the other. This avoids in many cases the usual long mathe¬ 
matical operations. Equations are deduced for the harmonics of various 
wave shapes based upon Fourier’s equation for a triangular field. 

Discussion , pages 2739-2745, by Messrs. G. R. Dean, J. L. Hamilton, • 
N. S. Diamant, L. W. Chubb and H. Weichsel. 

A general discussion of the methods employed by the author in decom¬ 
posing magnetic fields. 

8. TRANSFORMERS 

A 100,000-VOLT PORTABLE SUBSTATION 
Charles I. Burkholder and Nicholas Stahl Vol. xxxiv—1915, pp. 279-290 

Detailed description of 4000-kv-a. capacity, easily portable substation, 
self-contained on a single car with dimensions to meet railroad clearances. 
The entire equipment designed for simplicity and dispatch in disassembly 
for transit and in reassembly. Unusual flexibility of voltage connections. 

Discussion , pages 291-292, by Messrs. K. C. Randall, Julian C. Smith, 
L. W. Chubb and Nicholas Stahl. 

Discussion of minor details. 

THE PHASE ANGLE OF CURRENT TRANSFORMERS 
C. L. Dawes Vol. xxxiv—1915, pp. 1585-1598 

The determination of the phase angle of current transformers by means 
of a wattmeter and the corrections which must be applied to readings to 
correct unavoidable errors. Results of tests are given and the use of the 
a-c. potentiometer as a check method is described. 
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__ Discussion incorporated with that of paper by Charles Fortescue on 
The Calibration of Current Transformers by Means of Mutual Indue- 
tance." 


THE CALIBRATION OF CURRENT TRANSFORMERS BY MEANS OF MUTUAL 

INDUCTANCE 

The Measurement of Mutual Inductance and Self-Inductance and Alternating-Current 

Resistance 


Charles Fortescue 


Vol. xxxiv—1915, pp. 1599-1615 


A statement of the reasons for the selection of mutual inductances as 
a means for calibrating current transformers and a description of the 
design and manufacture of the apparatus. Formula used in calculating 
mutual inductances and its limitation is given, as well as methods of cali¬ 
brating mutual inductances and of measuring rates and phase-displace¬ 
ments. An artificial method of loading transformers under test is pro¬ 
posed. 

Discussion (including that of paper by C. L. Dawes), pages 1616-1626 
by Messrs. G. A. Campbell, L. W. Chubb, C. H. Sharp, J. R. Craighead’, 
C. W. Bates and C. L. Dawes. 

A detailed discussion of general points involved in.the paper with 
elaboration of certain points. 


DELTA-CROSS CONNECTIONS OF 
OF TWO- AND 


George P. Roux 


TRANSFORMERS FOR PARALLEL OPERATION 
THREE-PHASE SYSTEMS 

Vol. xxxiv—1915, pp. 2141-2152 


Two methods of transformer connections; the tee-cross and delta- 
cross, are described with their application for parallel operation of 2- 
and 3-phase systems, and an explanation given of voltage, current and 
phase relation, and the dephasing action which takes place in each case. 

Discussion , pages 2153-2155, by Messrs. E. E. F. Creighton, W. A 
Hillebrand, L. F. Blume and G. P. Roux 
General discussion. 


HARMONICS IN TRANSFORMER MAGNETIZING CURRENTS 
J. F. Peters Vol. xxxiv ___ 1915j pp< 2157-2173 

The cause and effects of higher harmonic currents in magnetizing cur¬ 
rents of transformers are shown and a hypothetical case is analyzed. The 
effects with common schemes of connecting transformers are also entered 
into. The reason why third harmonics are not developed in “core-type" 
transformers connected star star. 

Discussion, pages 2174-2182, by Messrs. D. I. Cone, L. P. Ferris, N S 
Diamant and J. F. Peters. 

Discussion of certain special cases and factors. 


PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS 

L. N. Robinson Vol. xxxiy .— 1915 pp 2 183-2191 

This paper points out and explains some even harmonic phenomena 
attend ng the operation of star-star connected banks of transformers 
having grounded neutral on the line side only. 

Discussion, pages 2192-2195, by Messrs. H. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, F. F. Brand and L. N. Robinson. 
Remarks for and against the use of grounded neutral and tertiary delta. 
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ABNORMAL VOLTAGES IN TRANSFORMERS 

J. Murray Weed Vol . xxxiv-1915, pp. 2197-2232 

The paper deals with the electrical behavior of transformer windings 
when subjected to steep wave fronts and high-frequency wave trains. 
The dependance of the internal voltages produced, upon the distribution 
of capacity with the inductance of the winding, is discussed. An analysis 
is made of the facts and fundamental principles involved which will 
enable us to insulate for and guard against excessive internal voltages in 
a more scientific manner. 

Discussion , pages 2233-2236, by Messrs. R. W. Sorensen, F. F. Brand 
P. H. Thomas and J. M. Weed. 

A general discussion of methods of eliminating abnormal voltages in 
distribution systems. 

9. ELECTRICAL MACHINERY AND APPARATUS 

. THE CHARACTERISTICS OF ELECTRIC MOTORS INVOLVED IN THEIR 

APPLICATION 

D. B. Rushmore Vol xxxiv— 1915 , pp . 169-175 

A description of the growth of motor applications and an outline of the 
characteristics and limitations of motors involved in proper selection and 
application. 

Discussion , pages 176-232, by Messrs. A. C. Lanier, Albert Brunt, 

K. A. Pauly, E. F. W. Alexanderson, C. J. Fechheimer, F. B. Crosby, 
A. E. Averrett, Lee F. Adams and C. A. Adams. 

# “ The Direct-Current Motor in Industrial Applications”, “Characteris¬ 
tics of Direct-Current Motors for Elevator Service”, “Application of Fly¬ 
wheels to Motors 7 , “A-C. Commutator Motors”, “Synchronous Motors 
and Their Characteristics in Connection with Their Application”, “Speed 
Regulation 7 ', “Induction Motor Characteristic Curves”, “Bearings 77 , 
“Motor Characteristics”. 

„ OIL CIRCUIT BREAKERS 
Notes on Arc Phenomena and Tendencies in Design 

K. C. Randall Vol. xxx i 7 —1915, pp. 247 r 259 

A brief explanation of some of the arc phenomena in oil circuit breakers 
and description of -present tendencies in oil breaker construction and 
practise. A proposed method for rating and specifying breakers. 

Discussion , pages 260-268, by Messrs. W. S. Franklin, Philip Torchio, 
H. R. Summerhayes, P. M. Lincoln, E. B. Merriam, C. Lichtenberg, 
F. W. Harris and K. C. Randall. 

General consideration of the factors involved in construction of suc¬ 
cessful breakers. 

A 100,000-VOLT PORTABLE SUBSTATION 
Charles I. Burkholder and Nicholas Stahl Vol. xxxiv—1915, pp. 279-290 

Detailed description of 4000-kv-a. capacity, easily portable substation, 
self-contained on a single car with dimensions to meet railroad clearances. 
The entire equipment designed for simplicity and dispatch in disassembly 
for transit and in reassembly. Unusual flexibility of voltage connections. 
Discussion , pages 291-292, by Messrs. K. C. Randall, Julian C. Smith, 

L. W. Chubb and Nicholas Stahl. 

Discussion of minor details. 
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DIMMERS FOR TUNGSTEN LAMPS 
Alfred E. Waller Vol. xxxiv— 19** 

Consideration of new factors involved in dimmer design re¬ 
development of the tungsten lamp with its positive temp 
efficient. Comparison of curves obtained with carbon art 
filaments. Commercial requirements. 

Discussion , pages 357-361, by Messrs. Leonard Kebler, t 
Knight, John B. Taylor, Comfort A. Adams, W. S. Franklir. 
Leonard and Alfred E. Waller. 

Design details. 


SEARCHLIGHTS 

C. S. McDowell Vol. xxxiv—19if, I 

Statement of the great necessity of an improved searchlig! 
line constituent parts and desirable features. Method of test t 
with figures. Comparison of Navy standard lamps and Beck I * 
Discussion , pages 377-385, by Messrs. R. B. Chillas, Jr., k. -t 
Frank, H. A. Hornor, W. S. Franklin and Clayton H. Sharp, 
Design details and carbon statistics. 

APPLICATION OF ELECTRICITY TO THE ORE HANDLING IN III - 1 
C. D. Gilpin Vol. xxxiv—19*'s. i 

The typical method of handling ore from.mine to blast in¬ 
scribing machinery used in the different steps. The principle 
tion of motors to the various machines and the types best atU 
work are discussed with the essential points of a power install 
Discussion , pages 638-642, by Messrs. D. B. Rushmore, ! » 

R. H. McLain, H. D. James, H. F. Stratton, R. R. Seller! 
Lincoln. 

Amplification of details. 

LINE DISTURBANCE CAUSED BY SPECIAL SQUIRREL CAGE AW I* 
ROTOR MOTORS WHEN STARTING ELEVATORS AND !!»»» 
J. C. Lincoln Vol. xxxiv—1911. i 

The author examines the cause of line disturbances in sst.r 
and elevator motors and compares the performance of wovmC 
squirrel-cage motors. Diagrams show graphically the cun * 
for each type of motor to produce a given torque. Method', 
for different types also considered. 

Discussion , pages 654-657, by Messrs. H.' D. James, II. 

R. H. McLain and J. C. Lincoln. 

Certain motor characteristics as related to selection of ; 
and type. 

SOME TROUBLES ENCOUNTERED IN THE OPERATION OF CARD Oft 
IN DIRECT-CURRENT GENERATORS AND MOTORS 
E. H. Martindale Vol. xxxiv—1911\, 

A brief consideration of troubles which affect the operatic 
brushes grouped under the-following divisions; field, armatm* . 
tator including brush rigging, external electrical and external ** 
Discussion , pages 671-679, by Messrs. D. B. Rushmore, It 
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comb, R. H. McLain, D. M. Petty, W. C. Kalb, J. H. Lapp, L. P. Crece- 
lius, John P. Mallett, A. M. MacCutcheon and E. H. Martindale. 

Certain details emphasized and amplification of others. 

FRACTIONAL HORSE POWER MOTOR LOAD 
Bernard Lester Vol. xxxiv—1915, pp. 681-691 

An outline of the increasing use of fractional horse power motors and 
the chief causes for this advance as seen in the perfection of a reliable 
single-phase motor. A description of the design, construction, and opera¬ 
ting characteristics of the commoner types of single-phase motors illus¬ 
trated by the use of speed-torque curves. The correct application of 
small motors is emphasized. The author deals particularly with the 
split-phase induction motor and the functions of the centrifugal clutch. 

Discussion , pages 692-694, by Mr. G. H. Garcelon. 

A consideration of the selection of the motor for the best all-around 
service. 

THE FACTORS INVOLVED IN MOTOR APPLICATIONS 
David B. Rushmore Vol. xxxiv—1915, pp. 695-697 

A summary of some of the factors involved in motor application. 

Discussion, pages 698-778, by Messrs. A. P. Lewis, C. W. Larson, 
C. A. Austrom, W. Baum, H. H. Clark, F. A. Aliner, Harold Goodwin, Jr., 
C. R. Weiss, A. M. Dudley, A. E. Averett, H. L. Wallau, C. Fair, R. W. 
Davis, H. R. Johnson, W. C. Yates, R. F. Schuchardt, Eric A. Lof, 

G. H. Jones, N. Currie, Jr., S. D. Sprong and R. M. Wilson. 

A series of discussions on the following subjects: Motor Applications 
in the Rubber Industry; Friction Drive; Motor Installations from 
Safety and Insurance Viewpoints; Explosion-Proof Apparatus; The 
Influence of Inflammable Mine Gas upon the Design of Motors; Limita¬ 
tions as to Capacity and Type of Motor which May be Used on a System 
from the Central Station Standpoint; Factors Involved in Motor Appli¬ 
cations; Link-Belt Silent Chain; The Selection of Motors from the Point 
of View of Frequency, Voltage and Phase, etc.; Individual Versus Group 
Drive; Safety First in Motor Applications; Load Conditions Affecting 
the Selection of Motors; Refrigerating Machinery; Alternating vs. 
Direct Current from the Standpoint of the Central Station. 

INDUSTRIAL CONTROL IN THE FOUNDRY 
R. H. McLain Vol. xxxiv—1915, pp. 843-853 

A description of foundry control devices and the unusual degree of 
precaution necessary to keep out dirt. Enclosed cages, safety devices 
and special crane control. The difference between a-c. and d-c. control. 

Discussion, pages 854-866, by Messrs. H. S. Newlin, T. E. Tynes, 
Max Hartenheim, Brent Wiley, James Farrington, S. C. Coey, Francis 
J. Burd, C. W. Bartlett, D. B. Rushmore, J. S. O'Donovan, Palmer 
Collins, C. D. Gilpin and R. H. McLain. 

Amplification of points embodied in paper. 

MILL CONTROLLERS 

H. F. Stratton Vol. xxxiv—1915, pp. 867-882 

An investigation of the acceleration of motors used in mill service. 
Important factors influencing the selection of proper gear ratio. Equa- 
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tions are deduced for determining theoretical limitations of speed and 
acceleration. 

Discussion incorporated with that of paper by J. S. Riggs on ‘‘Steel 
Mill Controllers from the Operator’s Standpoint.” 

STEEL MILL CONTROLLERS FROM THE OPERATORS’ STANDPOINT 
J. S. Riggs Vol. xxxiv—1915, pp. 883-890 

The writer shows that no provision for emergencies can be allowed in 
blooming mill and rolling mill machinery and that it must always stand up 
to service, be as simple and as nearly fool-proof as possible. Advocates 
full-magnetic control. Requirements of different classes of machinery 
tabulated. Expense of duplication reduced by standardization. 

Discussion , pages 891-9-16, by Messrs. H. F. Stratton, A. G. Pierce, 

D. B. Rushmore, Glenn E. Stoltz, M. A. Whiting, J. A. Albrecht, E. J. 
Murphy, R. H. McLain, K.A. Pauly, J. S. O’Donovan, Jacob F. Motz, 
S. C. Coey, Paul Caldwell, T. E. Tynes, W. T. Snyder, H. D. James, 
Graham Bright, W. H. Markland, Palmer Collins and C. D. Gilpin. 

General discussion of important points embodied in the paper. 

CONTROL OF DIRECT-CURRENT HOISTS IN IRON AND STEEL MILLS 
G. E. Stoltz and W. O. Lum Vol. xxxiv—1915, pp. 917-923 

The control problem discussed is confined entirely to the skip hoist. 
The load on the hoist is analyzed and proper cycle of operations deter¬ 
mined. The characteristics of the motor and controller are considered 
as a unit. 

Discussion incorporated with that of paper by W. T. Snyder on “Direct- 
Current Control for Hoisting Equipment in Industrial Plants.” 

DIRECT-CURRENT CONTROL FOR HOISTING EQUIPMENT IN INDUSTRIAL 

PLANTS 

W. T. Snyder Vol. xxxiv—1915, pp. 925-940 

A consideration of the various factors which must be taken into account 
when selecting a controller for mill machinery. The three different 
types of control as applied to the skip hoist, the high-speed coal hoist 
and the slow-speed ash hoist, and the functions absolutely essential to 
the controller in each case. 

Discussion , pages 941-959, by Messrs. H. D. James, W. C. Kennedy, 

E. H. Martindale, J. H. Albrecht, Paul Caldwell, R. A. Black, John D. 
Wright, T. E. Tynes, C. S. Dauler, J. A. Albrecht, Francis J. Burd, 
J. S. O’Donovan, P. M. Lincoln, M. A. Whiting, G. E. Stoltz and W. T. 
Snyder. 

Discussion of contact arcing, series contactors, grids and bridge-motion 
control, etc. 

ALTERNATING-CURRENT CONTROLLERS FOR STEEL MILLS . 

Arthur Simon Vol. xxxiv—1915, pp. 961-981 

A consideration of the control problems offered by squirrel-cage and 
wound-rotor induction machines when applied to steel mill service. 
The various types of a-c. controllers in use are described and illustrated 
and the advantages and disadvantages of each type as well as its limiting 
capacities are discussed. A number of typical installations are described. 
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Discussion incorporated with that of paper by Raymond E. Brown on 
“The Alternating-Current Coal Hoist.’' 

THE ALTERNATING-CURRENT COAL HOIST 
Raymond E. Brown Vol. xxxiv—1915, pp, 983-990 

A description of an a-c. coal hoist in which dynamic braking is em¬ 
ployed. Brakes and clutches operated by compressed air. The limiting 
factors in' coal hoist control are described with means of securing an 
accurate stop. 

Discussio?i (including that of paper by A. Simon), pages 991-1010, 
by Messrs. R. E. Brown, M. A. Whiting, J. H. Albrecht, R. H. McLain, 
W. C. Kennedy, C. D. Knight, W. P. Detwiler, W. 0. Oschmann, G. 
Bright, C. S. Lankton, W. T. Snyder, E. S. Zuck, G. E. Stoltz, W. O. 
Lum, J. D. Wright, C. D. Gilpin and A. Simon. 

A general discussion of the problems involved with instances of instal¬ 
lations that have met particular cases successfully. 

FIELDS OF MOTOR APPLICATION 

David B. Rushmore Vol. xxxiv—1915, pp. 1275-1283 

An introduction to a discussion on subject of Fields of Motor Applica¬ 
tion. An industry is defined from an economic standpoint and list of 
principal industries is given. The investigation of an industry from the 
standpoint of electric motor application is covered. 

Discussion incorporated with that of paper by H. E. Stafford on 
“Electricity in Grain Elevators.” 

ELECTRICITY IN GRAIN ELEVATORS 

H. E. Stafford Vol. xxxiv—1915, pp. 1285-1301 

The storage capacity of grain at the terminals of Port Arthur and 
Port William, is shown, together with the rated h.p. capacity of prime 
movers and the power used by different machines. Details of various 
plants and equipments are given and a comparison of steam and electri¬ 
cally driven plants as regards convenience, maintenance, operation and 
cost. 

Discussion (including that of paper by D. B. Rushmore), pages 1302- 
1348, by Messrs. H. D. James, W. M. Hoen, H. F. Boe, W. C. Yates, 
T. Z. Simpers, E. W. Pilgrim, L. L. Tatum, J. C. Lincoln, J. H. Davis, 
H. W. Rogers, C. A. Kelsey, W. L. Merrill, C. C. Batchelder and R. H. 
Rogers. 

Discussion on “The Electric Elevator,” “Individual Motor Drive 
as Used in the Oil Flotation Process,” “Fractional Horse-Power Motor 
Application,” “Printing Presses,” “Motor Applications of the Brick 
Manufacturing Industry,” “Electricityin tlieRubber Industry,” “Dredges 
and Excavating Machinery,” “The Sugar Industry,” “The Paper Mill 
Industry,” “The Portland Cement Industry,” “The Handling of Freight 
in Terminals.” 

CLASSIFICATION OF ALTERNATING-CURRENT MOTORS 
Val A. Fynn Vol. xxxiv—1915, pp. 1349-1390 

The component field theory is suggested as best suited to the classi¬ 
fication of a-c. motors. Descriptive names are offered for 44 a-c. motors 
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including the principal forms of single-phase, polyphase, commutator 
and commutatorless. These names are such as to positively identify 
each machine. The author also points out the fact that there is no justi¬ 
fication whatever of the term “repulsion” in connection with a-c. motors. 

Discussion incorporated with that of paper by F. Creedy on “The 
Classification of Electromagnetic Machinery”. 

CLASSIFICATION OF ELECTROMAGNETIC MACHINERY 
F. Creedy Vol. xxxiv—1915, pp. 1391-1415 

A classification of all dynamo electric machinery according to five sets 
of characteristics, as follows: type of field; method of disposal of second¬ 
ary power; use of commutators; method of magnetization; method of 
connection. 

Discussion (including that of paper by V. A. Fynn), pages 1416-1428, 
by Messrs. A. S. McAllister, H. M. Hobart, C. R. Underhill, C. A. Adams, 
V. A. Fynn, W. C. Korthals Altes and F. Creedy. 

A general discussion of various methods of classification of electro¬ 
magnetic machinery. 

PROGRESS IN THE IRON AND STEEL INDUSTRY AND THE ELECTRIC 

FURNACE 

Karl Georg Frank Vol. xxxiv—1915, pp. 1731-1738 

The history and development of the electric furnace and a prophecy 
as to the future development. 

No discussion. 

PHYSICAL LIMITATIONS IN D-C. COMMUTATING MACHINERY 
B. G. Lamme Vol. xxxiv—1915, pp. 1739-1794 

The theory of commutation is considered only in its relation to the 
e. m. f's. generated in the coils short circuited by the brush; the limiting 
e. m. f’s. per commutator bar and per brush are shown to be fixed princi¬ 
pally by brush contact resistance. • Flashing, burning of commutators, 
high mica, picking up of copper, noise, vibration and flickering of voltage 
are taken up with their various inter-relations. A brief chapter is given on 
design limitations and an appendix covering a method for determining 
maximum capacity of d-c. machines in terms of the short-circuit volts 
per commutator bar. 

Discussion , pages 1795-1800, by Messrs. E. H. Martindale, H. R. 
Summerhayes, Gano Dunn and F. D. Newbury. 

An enlargement of certain details of the paper with special emphasis, 
on contact drop. 

STANDARD MARINE ELECTRICAL INSTALLATIONS 
H. A. Hornor Vol. xxxiv—1915, pp. 1821-1854 

The requirements of merchant and naval installations are cited in 
brief. The rules of classification societies are reviewed and present prac¬ 
tise fully discussed. Specific applications to a number of. different types 
of ships, both merchant and naval, are given. The reasons for the applica¬ 
tion of electric propulsion to a battleship are briefly given. 

Discussion , page 1855, by Messrs. S. H. Blake and J'. H. Finney. 

A short general discussion of details. 
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ARC PHENOMENA 

A. G. CoJlis Vol. xxxiv— 1915, pp. 1921-1940 

A study of the arc phenomena accompanying the rupture of circuits 
in oil switches and description of a number of experiments made to de¬ 
termine the influence of ^differently shaped arcing contacts upon, the 
disturbances following rupture of an a-c. circuit. The use of reactors is 
also considered. 

j Discussion , pages 1941-1951, by Messrs. E. B. Merriam, C. Lichten- 

berg, F. W. Harris and W. D. Peaslee. 

A comparison of the experiences of others with those,of the author. 

CALCULATION OF SUDDEN SHORT-CIRCUIT PHENOMENA OF ALTERNATORS 
N. S. Diamant Vol.. xxxiv—1915, pp. 2237-2273 

The theory and explanation of the electromagnetic phenomena in¬ 
volved in the sudden short circuit of alternators, as given by Berg and 
Boucherot, is briefly considered. New methods are developed for the 
experimental determination of these quantities. Also new methods are 
given, based on theoretical equations, for the calculation of short circuits 
directly from oscillographic records. 

Data relating to the short circuit of a 45-kv-a. alternator are given; 
j also an electrical device, designed by the writer for short circuiting a 

machine at any given point of the e. m. f. wave. 

Discussion , pages 2274-2278, by Messrs. F. D. Newbury, C. J. Fech- 
heimer and N. S. Diamant. 

A general discussion of theoretical determinations vs. actual test of 
short-circuit phenomena. 

f CONSTRUCTION ELEMENTS OF THE TALLULAH FALLS DEVELOPMENT 

Charles G. Adsit and W. P. Hammond Vol. xxxiv—1915, pp. 2389-2438 

A very complete description of the Tallulah Falls hydroelectric de¬ 
velopment, one of the highest head water power plants in the world, 
j Unit costs of the various items of construction are given. 

Discussion , pages 2439-2442, by Messrs. A. J. Porskievies, A. S. Loiz- 
eaux, C. G. Adsit, C. O. Lens, Mr. Biglow, G. A. Hoadley, H. Pender, 
R. B. Owens and L. Jorgensen. 

A general discussion of the details and unit costs of construction.- 

THE REPULSION START INDUCTION MOTOR 
James L. Hamilton Vol. xxxiv—1915, pp. 2443-2474 

: This paper sets forth the general characteristics of the repulsion start 

| induction motor and compares them with similar characteristies of d-c. 

motors and other a-c. motors. It outlines a definite and commercially 
practicable method of studying the electrical design of existing motors 
and of predetermining the design of new or proposed motors. 
f Discussion , pages 2475-2482, by Messrs. H. Weichsel, C. A. Weber, 

F. J. Bullivant, M. Brooks and J. L. Hamilton. 

A general discussion of the design methods given by the author. 

SINGLE-PHASE SQUIRREL-CAGE MOTOR WITH LARGE STARTING TORQUE 
! AND PHASE COMPENSATION 

Val. A. Fynn Vol. xxxiv—1915, pp. 2483-2508 

A description of a new single-phase motor which develops a large start- 
} ing torque and operates with unity power factor. It outlines the manner 
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in which the machine was developed, discusses the theory of its operation 
as well as novel points in its design and gives a number of test results 
obtained with motors of different sizes. 

Discussion , page 2509, by Mr. H. Weichsel. 

A brief description of the working characteristics of the motor. 

EXPERIMENTAL DATA CONCERNING THE SAFE OPERATING TEMPERATURE 
FOR MICA ARMATURE COIL INSULATION 
F. D. Newbury Vol. — 1915j pp< 2 747-2764 

The results of three series of tests made on the first 3750-kv-a. generator 
installed at Niagara Falls, to determine internal copper temperatures. 
The object of the tests was‘to obtain data to assist in the determination 
of the safe maximum temperature of built-up mica-and-cambric (or mica- 
and-paper) insulation. The operating history of the generator is given. 
Tests show that when suitable mica insulation is used 150 deg. is a con¬ 
servative limit. 

Discussion , pages 2/65-2780, by Messrs. P. Torchio, W. J. Foster, 

B. A. Behrend, H. P. Wood, C. F. Scott, H. F. Erben, C. E. Skinner,’ 
J. B. Fisken, P. M. Lincoln, F. W. Peek, T. E. Fowler, W.-L. Waters, 

E. W. Stevenson and F. D. Newbury. 

A discussion of the various factors to be considered in the establishment 
of a standard limiting temperature for insulation. 

THE PRINCIPLES AND SYSTEMS OF ELECTRIC MOTOR CONTROL 

C. D. Knight Vol. xxx i v — 1915 } pp . 2781-2792 

A description of several types of resistance and explanation of the 
various forms of magnetic control in vogue to-day for both d-c. and a-c. 
motors. The characteristics embodied in contactor or magnetic switch 
design. 

Discussion , pages 2793-2806, by Messrs. B. Jones, E. J.. Murphy, W. I. 
Slichter, F. B. Crocker, J. H. Albrecht, H. F. Stratton, M. D. Goodman’ 

F. W. Gay and C. D. Knight. 

A discussion for and against types of control advocated by the author 
and an appeal for greater care in selection of motors and controllers in 
building equipment. 

11. CENTRAL STATIONS 


THE COMBINED OPERATION OF STEAM AND HYDRAULIC POWER IN THE 
PENNSYLVANIA WATER AND POWER COMPANY SYSTEM 
John Abbet Walls Vol. xxxiv — 191g ^ pp> 2 361-2368 


The experience of a large hydroelectric development on an erratic river, 
in endeavoring to accomplish most effective combined steam and hydro¬ 
electric operation. A plea is made for drawing up power contracts to 
encourage effective combined operation of hydroelectric plant with 
customers existing steam equipment. 

Discussion incorporated with that of paper by J. F. Vaughan on “Sup¬ 
plemental Power for Hydroelectric Systems’ 


SUPPLEMENTAL POWER FOR HYDROELECTRIC SYSTEMS 
J. F. Vaughan Vol. xxx , v — 1916> pp 2369-2381 

An outline of the functions of a steam plant furnishing relay and sup¬ 
plemental power for a system whose normal source of power is water. 
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Diagrams illustrate in a hypothetical case the division of load between 
the hydraulic and supplemental sources of power. 

The paper also discusses some general data obtained from a number of 
New England water pow T er systems. 

Discussion (including that of paper by J. A. Walls), pages 2382-2388, by 
Messrs. A. S. Loizeaux, Mr. Birkhinhine and J. F. Vaughan. 

A general discussion of the limiting factors in water power development. 

CONSTRUCTION ELEMENTS OF THE TALLULAH FALLS DEVELOPMENT 
Charles G. Adsit and W. P. Hammond Vol. xxxiv—1915, pp. 2389-2438 

A very complete description of the Tallulah Falls hydroelectric de¬ 
velopment, one of the highest head water power plants in the world. 
Unit costs of the various items of construction are given. 

Discussion, -pages 2439-2442, by Messrs. A. J. Porskievies, A. S. Loiz¬ 
eaux, C. G. Adsit, C. 0. Lens, Mr. Biglow, G. A. Hoadley, H. Pender, 
R. B. Owens and L. Jorgensen. 

A general discussion of the details and unit costs of construction. 

12. PARALLEL OPERATION 

DELTA-CROSS CONNECTIONS OF TRANSFORMERS FOR PARALLEL OPERATION 
OF TWO- AND THREE-PHASE SYSTEMS 
George P. Roux ■ Vol. xxxiv—1915, pp. 2141-2152 

Two methods of transformer connections; the tee-cross and delta- 
cross, are described with their application for parallel* operation of 2- and 
3-phase systems, and an explanation given of voltage, current and phase 
relation, and the dephasing action which takes place in each case. 

Discussion , pages 2153-2155, by Messrs. E. E. F. Creighton, W. A. 
Hillebrand, L. F. Blume and G. P. Roux. 

General discussion. 

13. TRANSMISSION LINES 

FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER ERECTION—I 
J. A. Walls Vol. xxxiv—1915, pp. 1201-1212 

Notes on investigation of types of foundations, digging holes for foun¬ 
dations, concreting foundations and erecting towers. 

Discussion incorporated with that of paper by A. Bang on “Four Years 
Operating Experience on a High-Tension Transmission Line.” 

FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER ERECTION-11 
J. B, Leeper Vol. xxxiv—1915, pp. 1213-1219 

The importance of properly designed tower anchors so that maximum 
strength of tower may be obtained with most economical outlay. In¬ 
stances of loss where this has been overlooked. 

Discussion incorporated with that of paper by A. Bang on “Four Years 
Operating Experience on a High-Tension Transmission Line.” 

FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER ERECTION—III 
W, E. Mitchell Vol. xxxiv—1915, pp. 1221-1226 

The development of the type of all-steel tower footing used by the 
Alabama Power Company for their 110,000-volt transmission lines is 
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outlined with a summary of conditions influencing the designs finally 
arrived at. 

Discussion incorporated with that of paper by A. Bang on “Four Years 
Operating Experience on a High-Tension^Transmission Line.” 

FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—IV 

P. M. Downing Vol. xxxiv—1915, pp. 1227-1231 

The weakest link of a transmission system is the line. Towers are 
strongly advocated for trunk lines and conditions to be met in design are 
given. The use of concrete footings is recommended. 

Discussion incorporated with that of paper by A. Bang on “Four Years 
Operating Experience on a High-Tension Transmission Line.” 

FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER ERECTION—V 
F. C. Connery Vol. xxxlv—1915, pp. 1233-1241 

A brief explanation is presented of the types of towers, tower founda¬ 
tions, etc., along with details of field practise used in connection with two 
lines of towers carrying six 190,000-cir. mil, seven-strand copper conductors 
between Niagara Falls and Toronto. The question of dispensing with 
massive concrete foundations for towers is dealt with. 

Discussion incorporated with that of paper by A. Bang on “Four Years 
Operating Experience on a High-Tension Transmission Line.” 

FOUR YEARS OPERATING EXPERIENCE ON A HIGH-TENSION TRANSMISSION 

LINE 

A. Bang Vol. xxxiv—1915, pp. 1243-1263 

A careful record of all operating events of the high-tension transmission 
line of the Pennsylvania Water and Power Company’s hydroelectric 
plant at Holtw r ood, Pa. Certain observations made on lightning flash- 
overs, deterioration of insulators, sleet on cables, and various means 
adopted to prevent disturbances to operation from these causes. 

Discussion (including that of papers by J. A. Walls, J. B. Leeper, W. E. 
Mitchell, P. M. Downing, F. C. Connery), pages 1264-1273, by Messrs. 

R. J. McClelland, A. S. McAllister, E. E. F. Creighton, E. A. Lof, L. C. 
Nicholson, J. B. Leeper and R. Bennett. 

A general discussion of tower design, causes of failure, deterioration 
and failure of insulators. 

OVERHEAD ELECTROLYSIS AND PORCELAIN STRAIN INSULATORS 

S. L. Foster Vol. xxxiv—1915, pp. 2127-2136 

A description of the leakage of current from trolley wires to earth 
through insulated supports on all electrical overhead construction and 
the effect of this leakage on. powder and guy wires. The proper design of 
insulators to prevent this leakage. Electrolytic action caused by use of 
dissimilar metals, sulphuric acid and other fumes. A description of 
troubles, causes and cures in the San Francisco section. - 

Discussion , pages 2137-2140, by Messrs. L. W. Webb, L. Addicks, 
S. L. Foster, J. B. Fisken, J. H. Finney, T. M. Stateler and Paul L. Ost. 
A general discussion of overhead electrolysis. 
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PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS 

L. N. Robinson * Vol. xxxiv—1915, pp. 2183-2191 

This paper points out and explains some even harmonic phenomena 
attending the operation of star-star connected banks of transformers 
having grounded neutral on the line side only. 

Discussion , pages 2192-2195, by Messrs. H. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, F. F. Brand and L. N. Robinson. 
Remarks for and against the use of grounded neutral and tertiary delta. 

THE CALCULATION OF THE LONG DISTANCE TRANSMISSION LINE UNDER 
CONSTANT ALTERNATING VOLTAGE 

G. R. Dean . Vol. xxxiv—1915, pp. 2511-2532 

A mathematical dissertation on the real and imaginary quantities in¬ 
volved in the general solution of the differential equations which express 
the relations existing between current and voltage at any point of a trans¬ 
mission line. Special cases and numerical examples are worked out in 
detail. 

No discussion. 

14. ELECTRIC SERVICE DISTURBANCES AND 
PROTECTION. 

THEORETICAL INVESTIGATION OF ELECTRIC TRANSMISSION SYSTEMS 
UNDER SHORT-CIRCUIT CONDITIONS 
I. W. Gross Vol. xxxiv—1915, pp. 23-S7 

An investigation of the mechanical forces between busbars and the 
phases of three-conductor cables under short-circuit conditions. An 
analytical treatment of heating with typical curves. The effectiveness 
of reactors. 

Discussion , pages 68-84, by Messrs. Henry G. Stott. Philip Torchio, 
Cassius M. Davis, H. R. Woodrow, James Lyman, John B. Taylor, 
R. W. Atkinson, Charles L. Fortescue, Hans Lippelt, S. I. Oesterreicher, 
Alfred E. Waller and I. W. Gross. 

General discussion of the mechanical forces created by short-circuit 
conditions and the resisting forces in cables. The grouping of reactors. 

EFFECT OF MOISTURE IN THE EARTH ON TEMPERATURE OF UNDERGROUND 

CABLES 

L. E. Imlay Vol. xxxiv—1915, pp. 233-240 

Descriptions of investigations of temperature of underground cables 
and methods suggested for elimination of hot spots and general lowering 
of temperature below danger point. Statistics and curves of seasonal 
variations in cable temperature. 

Discussion , pages 241-245, by Messrs. Charles W. Davis, H. W. Fisher, 
W. S. Clark, J. P. Wintringham, C. A. Adams, W. S. Franklin, P. W. 
Sothman and George N. Lemmon. 

Errors liable to occur in determining cable temperatures. European 
practise. 
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OIL CIRCUIT BREAKERS 
Notes on Arc Phenomena and Tendencies in Design 
K. C. Randall * Vol. xxxiv—1915, pp. 247-259 

A brief explanation of some of the arc phenomena in oil circuit breakers 
and description of present tendencies in oil breaker construction and 
practise. A proposed method for rating and specifying breakers. 

Discussion, Pages 260-268, by Messrs. W. S. Franklin, Philip Torchio, 

H. R. Summerhayes, P. M. Lincoln, E. B. Merriam, C. Lichtenberg, 
P. W. Harris and K. C. Randall. 

General consideration of the factors involved in construction of suc¬ 
cessful breakers. 

COMPARISON OF CALCULATED AND MEASURED CORONA LOSS CURVES 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 269-276 

Corona loss curves made by various investigators on experimental 
and practical lines are compared with others calculated by the quadratic 
law with same conditions as to spacing, diameter, altitude, etc. The 
variations of theoretical and practical curves are accounted for and losses 
below visual critical voltage considered. 

Discussion, pages 277-278, by Messrs. J. B. Whitehead, Philip Torchio 
and P. W. Peek, Jr. 

General remarks on variation between theoretical and practical results. 
Difficulty of obtaining readings under practical conditions. 

DISTORTION OF ALTERNATING-CURRENT WAVE CAUSED BY CYCLIC VARIA¬ 
TION IN RESISTANCE 

Frederick Bedell and E. C. Mayer Vol. xxxiv—1915, pp. 333-342 

Theoretical consideration of the distortion of current wave through 
creation of third harmonics caused by cyclic variation in resistance. 
Construction and comparison of curves, involving temperature lead and 
lag, positive and negative temperature coefficients, etc. 

Discussion , pages 343-348, by Messrs. Clayton H. Sharp, C. Field- 
Prank, L. W. Chubb, Charles R. Underhill, M. G. Lloyd and Frederick 
Bedell. 

General remarks on theory and on actual conditions occurringun an 
incandescent lamp circuit. 

ELECTRICAL PORCELAIN 

I. Testing with a High-Frequency Oscillator. II. The Problematical Points of Manufac¬ 

ture. HI. Experiences and Experimental Investigation 
E. E. F. Creighton Vol. xxxiv—1915, pp. 465-552 

Part I treats of the reasons for using the high-frequency oscillator, 
its great value in the detection of flaws, punctures, etc. A description 
of the apparatus is given. Part II shows the principal factors in the manu¬ 
facture of porcelain which affect the final product and are all important 
in obtaining a good electrical porcelain. Part III contains data on high- 
frequency tests. Methods of examining and determining the homo¬ 
geneity of porcelain. 

discussion, pages 553-576, by Messrs. A. O. Austin, C. Field-Frank, 

J. T. Lawson, P. W. Sothman, P. Osgood, L. L. Israel, R. P. Jackson! 
W. H. Jacobi, J. C. Smith, H. J. Ryan and J. S. Lapp. 

Advantages and disadvantages of various methods. Performance 
data of insulators on lines of various voltages. 
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LINE DISTURBANCE CAUSED BY SPECIAL SQUIRREL-CAGE AND WOUND- 
ROTOR MOTORS WHEN STARTING ELEVATORS AND HOISTS 
J. C. Lincoln Vol. xxxiv—1915, pp. 643-653 

The author examines the cause of line disturbances in starting hoists 
and elevator motors and compares the performance of wound-rotor and 
squirrel-cage motors. Diagrams show graphically the current required 
for each type of motor to produce a given torque. Methods of control 
for different types also considered. 

Discussion , pages 654-657, by Messrs. E. D. James, H. L. Wallau, 
R. H. McLain and J. C. Lincoln. 

Certain motor characteristics as related to selection of proper size and 
type. 


THE FACTORS INVOLVED IN MOTOR APPLICATIONS 
David B. Rushmore Vol. xxxiv —1915, pp. 695-697 

A summary of some of the factors involved in motor application. 

Discussion , pages 698-778, by Messrs. A. P. Lewis, C. W. Larson, 
C. A. Austrom, W. Baum, H. H. Clark, F. A. Allner, Harold Goodwin, 
Jr., C. R. Weiss, A. M. Dudley, A. E. Averrett, H. L. Wallau, C. Fair, 
R. W. Davis, H. R. Johnson, W. C. Yates, R. F. Schuchardt, Eric A. Lof, 
G. H. Jones, N. Currie, Jr., S. D. Sprong and R. M. Wilson. 

A series of discussions on the following subjects: Motor Applications 
in the Rubber Industry; Friction Drive; Alotor Installations from 
Safety and Insurance Viewpoints; Explosion-Proof Apparatus; The 
Influence of Inflammable Mine Gas upon the Design of Motors; Limita¬ 
tions as to Capacity and Type of Alotor which may be Used on a System 
from the Central Station Standpoint; Factors Involved in Alotor Appli¬ 
cations; Link-Belt Silent Chain; The Selection of Alotors from the Point 
of View of Frequency, Voltage and Phase, etc.; Individual Versus 
Group Drive; Safety First in Alotor Applications; Load Conditions 
Affecting the Selection of Alotors; Refrigerating Alachinery; Alternating 
vs. Direct Current from the Standpoint of the Central Station. 

DISTORTION FACTORS—II 
Frederick Bedell, assisted by 

R. Bown and C. L. Swisher Vol. xxxiv—1915, pp. 1143-1157 

The significance and usefulness of deviation, peak factor, harmonic 
factor, curve factor and differential and integral distortion factor. A 
possible factor combining the differential and integral factors is suggested. 
Variation of the different factors with phase, amplitude and frequency 
is given. 

Discussion incorporated with that of paper by F. M. Alizushi on 
“An Analytical and Graphical Solution for Non-Sinusoidal Alternating 
Currents.” 

FOUR YEARS OPERATING EXPERIENCE ON A HIGH-TENSION TRANSMISSION 

LINE 

A. Bang Vol. xxxiv—1915, pp. 1243-1263 

A careful record of all operating events of the high-tension transmission 
line of the Pennsylvania Water and Power Company’s hydroelectric 
plant at Holtwood, Pa. Certain observations made on lightning flash- 
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overs, deterioration of insulators, sleet on cables, and various means 
adopted to prevent disturbances to operation from these causes. 

Discussion (including that of papers by J. A. Walls, J. B. Leeper, W. E. 
Mitchell, P. M. Downing, F. C. Connery), pages 1264-1273, by Messrs. 
R. J. McClelland, A. S. McAllister, E. E. F. Creighton, E. A. Lof, L. C. 
Nicholson, J. B. Leeper and R. Bennett. 

A general discussion of tower design, causes of failure, deterioration 
and failure of insulators. 

PHYSICAL LIMITATIONS IN D-C. COMMUTATING MACHINERY 
B. G. Lamme Vol. xxxiv—1915, pp. 1739-1794 

The theory of commutation is considered only in its relation to the 
e, m. f’s. generated in the coils short circuited by the brush; the limiting 
e. m. f’s. per commutator bar and per brush are shown to be fixed princi¬ 
pally by brush contact resistance. Flashing, burning of commutators, 
high mica, picking up of copper, noise, vibration and flickering of voltage 
are taken up with their various inter-relations. A brief chapter is given 
on design limitations and an appendix covering a method for determining 
maximum capacity of d-c. machines in terms of the short-circuit volts 
per commutator bar. 

Discussion , pages 1795-1800, by Messrs. E. H. Martindale, H. R. 
Summerhayes, Gano Dunn and F. D. Newbury. 

An enlargement of certain details of the paper with special emphasis 
on contact drop. 

THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS 
F. W. Peek, Jr. Vol. xxxiv—1915, pp. 1857-1909 

An'investigation of the various phenomena affecting the strength of 
dielectrics and means of protecting them from transient voltages. An 
impulse generator from which voltages of any wave front, length of tail, 
etc., can be obtained is described. The strength of air between spheres 
and needles is given as well as time and voltage required for rupture. 
Transient spark-over and corona voltages for wfires, surface spark-over, 
effects of polarity, air density, practical application, etc., are given. 
Transient spark-over voltage and time are recorded for oil and various 
solid dielectrics. 

Discussion , pages 1910-1920, by Messrs. J. C. Clark, E. E. F. .Creighton, 
P. H. Thomas, F. W. Peek, Jr., R. W. Sorensen, F. F. Brand, J. M. Weed 
and H. C. Stephens. 

A general discussion with particular emphasis on spark lag, wet and 
dry spark-over and ionization. 

ARC PHENOMENA 

A. G. Collis Vol. xxxiv—1915, pp. 1921-1940 

A study of the arc phenomena accompanying the rupture of circuits 
in oil switches and description of a number of experiments made to de¬ 
termine the influence of differently shaped arcing contacts upon the dis¬ 
turbances following rupture of an a-c. circuit. The use of reactors is also 
considered. 

Discussion , pages 1941-1951, by Messrs. E. B. Merriam, C. Lichten- 
berg, F. W. Harris and W. D. Peaslee. 

A comparison of the experiences of others with those of the author. 
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DISCUSSION ON “REPORT BY THE JOINT COMMITTEE ON INDUCTIVE 
[ INTERFERENCE” 

| Vo. xxxiv—1915, pp. 2113-2125 

i The factors involved in inductive interference and methods of limiting 

i or counteracting them with special reference to high frequency, reduction 

of harmonics and forms of line construction and transformer installation. 

OVERHEAD ELECTROLYSIS AND PORCELAIN STRAIN INSULATORS 
l S. L. Foster Vol. xxxiv—1915, pp. 2127-2136 

A description of the leakage of current from trolley wires to earth 
| through insulated supports on all electrical overhead construction and 

the effect of this leakage on power and guy wires. The proper design of 
insulators to prevent this leakage. Electrolytic action caused by use of 
j dissimilar metals, sulphuric acid and other fumes. A description of 

j troubles, causes and cures in the San Francisco section. 

i Discussion , pages 2137-2140, by Messrs. L. W. Webb, L. Addicks, 

f S. L. Foster, J. B. Fisken, J. H. Finney, T. H. Stateler and Paul L. Ost. 

I A general discussion of overhead electrolysis. 

: HARMONICS IN TRANSFORMER MAGNETIZING CURRENTS 

'1 J. F. Peters Vol. xxxiv—1915, pp. 2157-2173 

The cause and effects of higher harmonic currents in magnetizing cur¬ 
rents of transformers are shown and a hypothetical case is analyzed. The 
effects with common schemes of connecting transformers are also entered 
into. The reason why third harmonics are not developed in “core-type” 
j transformers connected star-star. . * 

j • Discussion , pages 2174-2182, by Messrs. D. I. Cone, L. P. Ferris, N. S. 

! Diamant and J. F. Peters. 

| Discussion of certain special cases and factors. 

j PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 

j TRANSFORMER CONNECTIONS 

i L - N. Robinson Vol. xxxiv—1915, pp. 2183-2191 

) This paper points out and explains some even harmonic phenomena 

f attending the operation of star-star connected banks of transformers hav- 

| ing grounded neutral on the line side only. 

Discussion , pages 2192-2195, by Messrs. IT. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, F. F. Brand and L. N. Robinson. 
Remarks for and against the use of grounded neutral and tertiary delta. 

[■ ■ 

i ABNORMAL VOLTAGES IN TRANSFORMERS 

• J- Murray Weed Vol. xxxiv—1915, pp. 2197-2232 

The paper deals with the electrical behavior of transformer windings 
{■ when subjected to steep wave fronts and high-frequency wave trains. 

The dependance 6f the internal-voltages produced, upon the distribution 
^ of capacity with the inductance of the winding, is discussed. An analysis 

- is made of the facts and fundamental principles involved which will 

enable us to insulate for and guard against excessive internal voltages in 
a more scientific manner. 

Discussion , pages 2233-2236, by Messrs. R. W. Sorensen, F. F. Brand, 
P. H. Thomas and J. M. Weed. 

A general discussion of methods of eliminating abnormal voltages in 
f distribution systems. 
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CALCULATION OF SUDDEN SHORT-CIRCUIT PHENOMENA OF ALTERNATORS 
N. S. Diamant Vol. xxxrv—1915, pp. 2237-2273 

The theory and explanation of the electromagnetic phenomena in¬ 
volved in the sudden short circuit of alternators, as g'ven by Berg and 
Boucherot, is briefly considered- New methods are developed for the 
experimental determination of these quantities. Also new methods are 
given, based on theoretical equations, for the calculation of short circuits 
direct!} 7 from oscillographic records. 

Data relating to the short circuit of a 45-kv-a. alternator are given; 
also an electrical device, designed by the writer for short circuiting a 
machine at any given point of the e. m. f. wave. 

Discussion , pages 2274-2278, by Messrs. F. D. Newbury, C. J. Fech- 
heimer and N. S. Diamant. 

A general discussion of theoretical determination vs. actual tests of 
short-circuit phenomena. 

16. CONTROL, REGULATION AND SWITCHING 

OIL CIRCUIT BREAKERS 
Notes on Arc Phenomena and Tendencies in Design 
K. C. Randall Vol. xxxiv—1915, pp. 247-259 

A brief explanation of some of the arc phenomena in oil circuit breakers 
and description of present tendencies in oil breaker construction and 
practise. A proposed method for rating and specifying breakers. 

Discussion , pages 260-26S, by Messrs. W. S. Franklin, Philip Torchio, 
H. R. Summerhayes, P. M. Lincoln, E. B. Merriam, C. Lichtenberg, 
F. W. Harris and K. C. Randall. 

General consideration of the factors involved in construction of suc¬ 
cessful breakers. 


A 100,000-VOLT PORTABLE SUBSTATION 
Charles I. Burkholder and Nicholas Stahl Vol. xxxiv—1915, pp. 279-290 

Detailed description of 4000-kv-a. capacity, easily portable substation, 
self-contained on a single car with dimensions to meet railroad clearances. 
The entire equipment designed for simplicity and dispatch in disassembly 
for transit and in reassembly. Unusual flexibility of voltage connections. 

Discussion, pages 291-292, by Messrs. K. C. Randall, Julian C. Smith, 
L. W. Chubb and Nicholas Stahl. 

Discussion of minor details. 

DIMMERS FOR TUNGSTEN LAMPS 

Alfred E. Waller Vol. xxxiv—1915, pp. 349-356 

Consideration of new factors involved in dimmer design through the 
development of the tungsten lamp with its positive temperature co¬ 
efficient. Comparison of curves obtained with carbon and tungsten 
filaments. Commercial requirements. 

Discussion , pages 357-361, by Messrs. Leonard Kebler, Charles D. 
Knight, John B. Taylor, Comfort A. Adams, W. S. Franklin, H. Ward 
Leonard and Alfred E. Waller. 

Design details. 
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INDUSTRIAL CONTROL IN THE FOUNDRY 
R. H. McLain Vol. xxxiv—1915, pp. 843-853 

A description of foundry control devices and the unusual degree of 
precaution necessary to keep out dirt. Enclosed cages, safety devices and 
special crane control. The difference between a-c. and d-c. control. 

Discussion , pages 854-866, by Messrs. H. S. Newlin, T. E. Tynes, Max 
Hartenheim, Brent Wiley, James Farrington, S. C. Coey, Francis J. Burd, 

C. W. Bartlett, D. B. Rushmore. J. S. O’Donovan, Palmer Collins, C. D. 
Gilpin and R. H. McLain. 

Amplification of points embodied in paper. 

MILL CONTROLLERS 

H. F. Stratton Vol. xxxiv—-1915, pp. 867-882 

An investigation of the acceleration of motors used in mill service. 
Important factors influencing the selection of proper gear ratio. Equa¬ 
tions are deduced for determining theoretical limitations of speed and 
acceleration. 

Discussion incorporated with that of pap§r by J. S. Riggs on “Steel 
Mill Controllers from the Operator's Standpoint”. 

STEEL MILL CONTROLLERS FROM THE OPERATORS STANDPOINT 
J. S. Riggs Vol. xxxiv—1915, pp. 883-890 

The writer shows that no provision for emergencies can be allowed in 
blooming mill and rolling mill machinery and that it must always stand up 
to service, be as simple and as nearly fool-proof as possible. Advocates 
full-magnetic control. Requirements of different classes of machinery 
tabulated. Expense of duplication reduced by standardization. 

Discussion , pages 891-916, by Messrs. H. F. Stratton, A. G. Pierce, 

D. B. Rushmore, Glenn E. Stoltz, M. A. Whiting, J. A. Albrecht, 

E. J. Murphy, R. H. McLain, K. A. Pauly, J. S. O’Donovan, Jacob F. 
Motz, S. C. Coey, Paul Caldwell, T. E. Tynes, W. T. Snyder, H. D. James, 
Graham Bright, W. H. Markland, Palmer Collins, and C. D. Gilpin. 

General discussion of important points embodied in the paper. 

CONTROL OF DIRECT-CURRENT HOISTS IN IRON AND STEEL MILLS 
G. E. Stoltz and W. O. Lum Vol. xxxiv—1915, pp. 917-923 

The control problem discussed is confined entirely to the skip hoist. 
The load on the hoist is analyzed and proper cycle of operations deter¬ 
mined. The characteristics of the motor and controller are considered 
as a unit. 

Discussion incorporated with that of paper by W. T. Snyder oh “Direct- 
Current Control for Hoisting Equipment in Industrial Plants.” 

DIRECT-CURRENT CONTROL FOR HOISTING EQUIPMENT IN INDUSTRIAL 

PLANTS 

W. T. Snyder VoL xxxiv—1915, pp, 925-940 

, A consideration of the various factors which must be taken into account 
when selecting a controller for mill machinery. The three different types 
of control as applied to the skip hoist, the high-speed coal hoist and the 
slow-speed ash hoist, and the functions absolutely essential to the control¬ 
ler in each case. 
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Discussion , pages 941-959, by Messrs. H. D. James, W. C. Kennedy, 
E. H. Martindale, J. H. Albrecht, Paul Caldwell, R. A. Black, John D 
Wright, T. E. Tynes, C. S. Dauler, J. A. Albrecht, Francis J. Burd, 
J. S. O’Donovan, P. M. Lincoln, M. A. Whiting, G. E. Stoltz and W. T. 
Snyder. 

Discussion of contact arcing, series contactors, grids and bridge-motion 
control, etc. 

ALTERNATING-CURRENT CONTROLLERS FOR STEEL MILLS 
Arthur Simon Vol. xxxiv—1915, pp. 961-981 

A consideration of the control problems offered by squirrel-cage and 
wound-rotor induction machines when applied to steel mill service. 
The various types of a-c. controllers in use are described and illustrated 
and the advantage and disadvantage of each type as 'well as its limiting 
capacities are discussed. A number of typical installations are described. 

Discussion incorporated with that of paper by Raymond E. Brown on 
“The Alternating-Current Coal Hoist.” 

THE ALTERNATING-CURRENT COAL HOIST 
Raymond E. Brown Vol. xxxi v—1915, pp. 983-990 

A description of an a-c. coal hoist in which dynamic braking is em¬ 
ployed. Brakes and clutches operated by compressed air. The limiting 
factors in coal hoist control are described with means of securing an 
accurate stop. 

Discussion (including that of paper by A. Simon), pages 991-1010, by 
Messrs. R. E. Browm, M. A. Whiting, J. H Albrecht, R. H. McLain, 
W. C. Kennedy, C. D. Knight, W. F. Detwiler, W. O. Oschmann, G. 
Bright, C. S. Lankton, W. T. Snyder, E. S. Zuck, G. E. Stoltz, W. O. 
Lum, J. D. Wright, .C. D. Gilpin and A. Simon. 

A general discussion of the problems involved with instances of installa¬ 
tions that have met particular cases successfully. 

AUTOMATICALLY CONTROLLED SUBSTATIONS 
With. Particular Reference to Their Application to Interurban Electric Railways 
E. W. Allen and Edward Taylor Vol. xxxiv—1915, pp. 1801-1815 

An analysis of the duties of the attendant of a substation and an appeal 
for the substitution of present day reliable automatic devices with conse¬ 
quent economy and improvement of service. The paper advocates a 
reduction in size and an increase in the number of stations. A descrip¬ 
tion is given of the automatically controlled substations installed on the 
lines of the Elgin and Belvidere Electric Railway. 

Discussion , pages 1816-1819, by Messrs. A. H. Babcock, R. F. Schu- 
chardt, H. R. Summerhayes and C. W. Place. 

A discussion of the variety of substations designed and economy possi¬ 
bilities. 


ARC PHENOMENA 

A. G. Collis Vol. xxxiv—1915, pp. 1921-1940 

A study of the arc phenomena accompanying the rupture of circuits 
in oil switches and description of a number of experiments made to deter¬ 
mine the influence of differently shaped arcing contacts upon the dis- 
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turbances following rupture of an a-c. circuit. The use of reactors is 
also considered. 

Discussion , pages 1941-1951, by Messrs. E. B. Merriam, C. Lichtenberg, 

E. W. Harris and W. D. Peaslee. 

A comparison of the experiences of others with those of the author. 

DELTA-CROSS CONNECTIONS OF TRANSFORMERS FOR PARALLEL OPERATION 
OF TWO- AND THREE-PHASE SYSTEMS 
George P. Roux Vol. xxxiv—1915, pp. 2141-2152 

Two methods of transformer connections; the tee-cross and delta- 
cross are' described with their application for parallel operation of 2- 
and 3-phase systems, and an explanation given of voltage, current and 
phase relation, and the dephasing action which takes place in each case. 

Discussion , pages 2153-2155, by Messrs. E. E.* P. Creighton, W. A. 
Hillebrand, L. P. Blume, G. P. Roux. 

General discussion. 

PHENOMENA ACCOMPANYING TRANSMISSION WITH SOME TYPES OF STAR 
TRANSFORMER CONNECTIONS 

L. N. Robinson ’ Vol. xxxiv—1915, pp. 2183-2191 

This paper points out and explains some even harmonic phenomena 
attending the operation of star-star connected banks of transformers 
having grounded neutral on the line side only. 

Discussion , pages 2192-2195, by Messrs. H. J. Ryan, H. Stephenson, 
W. A. Hillebrand, J. P. Jollyman, P. P. Brand and L. N. Robinson. 

Remarks for and against the use of grounded neutral and tertiary 
delta. 

THE REPULSION START INDUCTION MOTOR 
James L. Hamilton Vol. xxxiv—1915, pp. 2443-2474 

This paper sets forth the general characteristics of the repulsion start 
induction motor and compares them with similar characteristics of d-c. 
motors and other a-c. motors. It outlines a definite and commercially 
practicable method of studying the electrical design of existing motors 
and of predetermining the design of new or proposed motors. 

Discussion , pages 2475-2482, by Messrs. H. 'Weichsel, C. A. Weber, 

F. J. Bullivant, M. Brooks and J. L. Hamilton. 

A general discussion of the design methods given by the author. 

SINGLE-PHASE SQUIRREL-CAGE MOTOR WITH LARGE STARTING TORQUE 
AND PHASE COMPENSATION 

Val A. Fynn Vol. xxxiv—1915, pp. 2483-2508 

A description of a new single-phase motor which develops a large start¬ 
ing torque and operates with unity power factor. It outlines the manner 
in which the machine was developed, discusses the theory of its operation 
as well as novel points in its design and gives a number of test results 
obtained with motors of different sizes. 

Discussion , page 2509, by Mr. H. Weichsel. 

A brief description of the working characteristics of the motor. 

THE PRINCIPLES AND SYSTEMS OF ELECTRIC MOTOR CONTROL 
C. D. Knight Vol. xxxiv—1915, pp. 2781-2792 

A description of several types of resistance and explanation of the 
various forms of magnetic control in vogue to-day for both d-c. and a-c. 
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motors. The characteristics embodied in contactor or magnetic switch 
design. 

Discussion, pages 2793-2806, by Messrs. B. Jones, E. J. Murphy, W. I. 
Slichter, F. B. Crocker, J. H. Albrecht, H. F. Stratton, M. D. Goodman, 
F. W. Gay and C. D. Knight. 

A discussion for and against types of control advocated by the author 
and an appeal for greater care in selection of motors and controllers in 
building equipment. 


17. TRACTION 

CONDITIONS AFFECTING THE SUCCESS OF MAIN LINE ELECTRIFICATION 
W. S. Murray Vol. xxxiv—1915, pp. 85-124 

Description of general conditions affecting the success of railroad 
electrification from both the public and railroad viewpoints. New Haven 
taken as particular example with tabulated statistics from monthly opera- 
ting report. Statistics of construction costs of various catenary con¬ 
struction types. 

Discussion , pages 125-144, by Messrs. Alfred W. Gibbs, George R. 
Henderson, E. H. McHenry, C. Renshaw, F. E.- Wynne, Philip Torchio, 
W. A. Del Mar, R. H. Wheeler and W. S. Murray. 

General discussion of electrification. Appeal for standardization of 
power systems. Consideration of outside power sources. 

OVERHEAD CONTACT SYSTEMS, CONSTRUCTION AND COSTS—PART I 

E. J. Amberg Vol. xxxiv—1915, pp. 1459-1470 

A brief analysis of the systems and points to be considered in equipping 
trunk lines with overhead catenary construction, with special reference 
to the New Haven electrification. The paper is subdivided into five 
parts, viz; catenary systems, supporting structures, sectionalization, 
special construction and cost data. 

Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, Portland Divi¬ 
sion”. 

CONSTRUCTION, MAINTENANCE AND COST OF OVERHEAD CONTACT 
SYSTEMS—PART n— CATENARY CONSTRUCTION 

F. Zogbaum Vol. xxxiv—1915, pp. 1471-1485 

A general review of the problems involved in the maintenance and cost 
of an overhead high-voltage system of the catenary type. The particular 
subject treated is the contact system and transmission lines of the New 
York, Westchester and Boston Railway. 

Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, ‘Portland Divi¬ 
sion”. 

CONTACT SYSTEM OF THE BUTTE, ANACONDA AND PACIFIC RAILWAY 
J. B. Cox Vol. xxxiv—1915, pp. 1487-1516 

A review of conditions that caused the selection of the overhead contact 
system and the adoption of the roller pantograph on the B. A. & P. R. R. 
Description of special hangers, pulloffs, etc. required. Explanation of 
relatively high cost of installation. 
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(i Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, Portland Divi- 
sion”. 

THIRD RAIL AND TROLLEY SYSTEM OF THE WEST JERSEY AND SEASHORE 

RAILROAD 

J. V. B. Duer Vol. xxx j v —I 9 i 5 j pp# 1517-1533 

The details and cost of construction of the contact system as originally 
installed and subsequently modified and extended. Operating experiences 
and cost of maintenance for seven consecutive years, track and third-rail 
resistances are given. 

Discussion incorporated with that of paper by Paul Lebenbaum on 
The Contact System of the Southern Pacific Company, Portland Divi¬ 
sion”. 

TOP-CONTACT UNPROTECTED CONDUCTOR RAIL FOR 600-YOLT TRACTION 

SYSTEMS 

Cbailes H. Jones Vol. xxxiv—1915, pp. 1535-1545 

The various factors to be considered in the design of a 600-volt contact 
rail system. The question of weight and quality of rail, insulating, sup¬ 
porting, bonding and jointing and control of contraction and expansion 
are covered in detail. Total cost and cost per mile for various conditions, 
given. 

{ Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, Portland Divi¬ 
sion.” 

CONTACT CONDUCTORS AND COLLECTORS FOR ELECTRIC RAILWAYS 
C. J. Hixson Vol. xxxiv—1915, pp. 1547-1560 

A general classification of collecting devices according to the existing 
A. I. E. E. classification of contact conductors. Rail and wire systems 
are considered with their collectors. Many data are arranged in form of 
curves expressing the factors essential to proper collection. 

Discussion incorporated with that of paper by Paul Lebenbaum on 
“The Contact System of the Southern Pacific Company, Portland Divi¬ 
sion.” 

THE CONTACT SYSTEM OF THE SOUTHERN PACIFIC COMPANY, PORTLAND 

DIVISION 

Paul Lebenbaum Vol. xxxiv—1915, pp. 1561-1574 

A detailed description of the 1550-volt overhead contact system of the 
electrified lines of the Southern. Pacific Company, Portland Division. 
The design and materials of construction are given in detail and the cost 
per mile, of material and labor, are tabulated. 

Discussion (including that of papers by E. J. Amberg, F. Zogbaum, 
J. B. Cox, J. V. B. Duer, C. H. Jones and C. J. Hixson), pages 1575-1584, 
by Messrs. L. D. Nordstrum, J. V. B. Duer, G. H. Hill, H. M. Hobart, 
A. S. McAllister, D. C. Jackson, R. L. Allen, F. Zogbaum, D. D. Ewing, 
J. B. Cox and C. J. Hixson. 

General discussion of details involved in the trolley and third rail 
electrification problem. 
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AUTOMATICALLY CONTROLLED SUBSTATIONS 
With Particular Reference to Their Application to Interurban Electric Railways 
E. W. Allen and Edward Taylor Vol. xxxiv—1915, pp. 1801-1815 

An analysis of the duties of the attendant of a substation and an 
appeal for the substitution of present day reliable automatic devices with 
consequent economy and improvement of service. The paper advocates 
a reduction in size and an increase in the number of stations. A descrip¬ 
tion is given of the automatically controlled substations installed on the 
lines of the Elgin and Belvidere Electric Railway. 

Discussion , pages 1816-1819, by Messrs. A. H. Babcock* R. F. Schu- 
chardt, H. R. Summerhayes and C. W.- Place. 

A discussion of the variety of substations designed and economy pos¬ 
sibilities. 


18. LIGHTING AND LAMPS 

DIMMERS FOR TUNGSTEN LAMPS 

Alfred E. Waller Vol. xxxiv—1915, pp. 349-356. 

Consideration of new factors involved in dimmer design through the 
development of the tungsten lamp with its positive temperature co¬ 
efficient. Comparison of curves obtained with carbon and tungsten 
filaments. Commercial requirements. 

Discussion , pages 357-361, by Messrs. Leonard Kebler, Charles D. 
Knight, John B. Taylor, Comfort A. Adams, W. S. Franklin, H. Ward 
Leonard and Alfred E. Waller. 

Design details. 

THE EFFECTIVE ILLUMINATION OF STREETS 
Preston S. Millar Vol. xxxiv—1915, pp. 1429-1448 

The effectiveness of street lighting with particular reference to silhouette 
effect, specular reflection and glare. A presentation of the variables upon 
which the effectiveness of street illumination depends. Illuminating 
efficiency values for several modern street illuminations are given. Sta¬ 
tistics and photographs of some very recent installations. 

Discussion , pages 1449-1458, by Messrs. G. H. Stickney, D. C. Jackson, 
H. L. Wallau, W. R. Moulton, H. H. Magdsick, W. H. Pratt, J. B. White- 
head, P. Junkersfeld, A. T. Baldwin, L. D. Nordstrum, C. E. Stephens 
and P. S. Millar. 

General discussion of street illumination. 

19. ELECTRICITY IN THE ARMY AND NAVY 

SEARCHLIGHTS 

C. S. McDowell Vol. xxx j v — 1915 , pp. 363-376 

Statement of the great necessity of an improved searchlight with out¬ 
line of constituent parts and desirable features. Method of testing 
mirrors, with figures. Comparison of Navy standard lamps and Beck 
44-in. lamp. 

Discussion , pages 377-385, by Messrs. R. B. Chillas, Jr., Karl Georg 
Frank, H. A. Hornor, W. S. Franklin and Clayton H. Sharp. 

Design details and carbon statistics. 
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STANDARD MARINE ELECTRICAL INSTALLATIONS 
H. A. Hornor Vol. xxxiv—1915, pp. 1821-1854 

The requirements of merchant and naval installations are cited in brief. 
The rules of classification societies are reviewed and present practise 
fully discussed. Specific applications to a number of different types of 
.ships, both merchant and naval, are given. The reasons for the applica¬ 
tion of electric propulsion to a battleship are briefly given. 

Discussion, page 1855, by Messrs. S. H. Blake and J. H. Finney. 
A short general discussion of details. 

20. MISCELLANEOUS APPLICATIONS OF ELECTRICITY 

THE CHARACTERISTICS OF ELECTRIC MOTORS INVOLVED IN THEIR 
APPLICATION 

D. B. Rushmore Vol. xxxiv—1915, pp. 169-175 

A description of the growth of motor applications and an outline of 
the characteristics and limitations of motors involved in proper selection 
and application. 

Discussion , pages 176-232, by Messrs. A. C. Lanier, Albert Brunt, 
K. A. Pauly, E. F. W. Alexanderson, C. J. Fechheimer, F. B. Crosby, 
A. E. Averrett, Lee F. Adams, C. A. Adams. 

“The Direct-Current Motor in Industrial Applications,” “Character¬ 
istics of Direct-Current Motors for Elevator Service,” “Application of 
Flywheels to Motors,” “A-C. Commutator Motors,” “Synchronous 
Motors and Their Characteristics in Connection with Their Application,” 
“Speed Regulation,” “Induction Motor Characteristic Curves,” “Bear¬ 
ings,” “Motor Characteristics.” 

$ 

SEARCHLIGHTS 

C. S. McDowell Vol. xxxiv—1915, pp. 363-376 

Statement of the great necessity of an improved searchlight with 
outline of constitutent parts and desirable features. Method of testing 
mirrors, with figures. Comparison of Navy standard lamps and Beck 
44 in. lamp. 

Discussion , pages 377-385, by Messrs. R. B. Chillas, Jr., Karl Georg 
Frank, H. A. Hornor, W. S. Franklin and Clayton H. Sharp. 

Design details and carbon statistics. 

ELECTRICAL PRECIPITATION 

F. G. Cottrell Vol. xxxiv—1915, pp. 387-396 

Historical sketch. 

Discussion incorporated with that of papers by W. W. Strong, A. F. 
Nesbit and Linn Bradley. 

ELECTRICAL PRECIPITATION 
Theory of the Removal of Suspended Matter from Fluids 
W. W. Strong Vol. xxxiv—1915, pp. 397-404 

Method of calculating the amount of energy to remove suspended 
matter from fluids and relative efficiencies of various methods. The 
manner of distribution of energy of corona discharge and nature of ion¬ 
ization discussed. The application of the theory and the limits of use¬ 
fulness. 
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Discussion incorporated with that of papers by Messrs. F. G. Cottrell, 
A. F. Nesbit and Linn Bradley. 

THE THEORETICAL AND EXPERIMENTAL CONSIDERATION OF ELECTRICAL 

PRECIPITATION 

A. F. Nesbit Vol. xxx i v _i 915j pp . 405-420 

Theory of electrical precipitation of suspended matter in gases is 
inseparably connected with the phenomena of ionization and laws of 
electrically charged bodies. Demonstration of precipitation in nature 
and the action of ionization, gravitation and the electric held. Data 
showing the superiority of negative corona and relative effectiveness of 
size and shape of electrodes, temperature and conductance of gases, 
polarity and uniformity of corona. 

Discussion , incorporated with that of papers by Messrs. F. G. Cottrell, 
W. W. Strong and Linn Bradley. 

PRACTICAL APPLICATIONS OF ELECTRICAL PRECIPITATION AND PROGRESS 
OF THE RESEARCH CORPORATION 

Linn Bradley Vol. xxx i v __ 1915j pp . 421-457 

Technical and financial progress made, by the Research Corporation 
since its organization with detailed description of several installations 
including data on voltages, electrode spacings, power consumption, 
etc. Mention is made of improvements in apparatus, the tendency 
toward standardization and the field opening up for application. A 
selected bibliography is included. 

Discussion , (including that of papers by F. G. Cottrell, W. W. Strong 
and A. F. Nesbit), pages 458-464, by Messrs. W. S. Franklin, Linn 
Bradley, Saul Dushman, Halbert P. Hill, A. F. Nesbit, L. W. Chubb, 
John B. Taylor, J. H. Davis, W. W. Strong and S. M. Kintner. 

Criticisms and approvals of various methods and additional data on 
certain operations. 


FIXATION OF ATMOSPHERIC 
Leland L. Summers 


NITROGEN 

Vol. xxxiv—1915, pp. 577-611 


Description of the very definite commercial limitations of nitrogen 
fixation set by the vast natural deposits of sodium nitrate with which 
the production of a substitute must compete. The very low efficiency 
of electrical fixation processes is emphasized and the possibilities of a 
combination electrical and chemical process discussed. Comparative 
figures are given showing the amount of energy necessary per kilogram of 
nitrogen fixed. 


Discussion , pages 612-617, by Messrs. Joseph W. Richards, J. L. R. 
Hayden, D. B. Rushmore, Charles A. Doremus, F. V. Henshaw, Frank 
B. Washburn and Leland L. Summers. 


Consideration of the power situation with relation to a fixation plant. 
The Rjukanfos, Norway plant. 


APPLICATION OF ELECTRICITY TO THE ORE HANDLING INDUSTRY 
C. D. Gilpm Vol. xxxiv—1915, pp. 619-637 

The typical method of handling ore from mine to blast furnace, describ¬ 
ing machinery used in the different steps. The principles of application 
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of motors to the various machines and the types best adapted to the 
work are discussed with the essential points of a power installation. 

Discussion , pages 638-642, by Messrs. D. B. Rushmore, D. M. Petty,' 
R. H. McLain, H. D. James, H. F. Stratton, R. R. Selleck, J. C. Lincoln! 

Amplification of details. 

THE FACTORS INVOLVED IN MOTOR APPLICATIONS 
David B. Rushmore Vol. xxxiv—1915, pp. 695-697 

A summary of some of the factors involved in motor application. 

Discussion , pages 698-778, by Messrs. A. P. Lewis, C. W. Larson, 
C. A. Austrom, W. Baum, H. H. Clark, F. A. Allner, Harold Goodwin, Jr.,’ 
C. R. Weiss, A. M. Dudley, A. E. Averrett, H. L. Wallau, C. Fair, R. w! 
Davis, H. R. Johnson, W. C. Yates, R. F. Schuchardt, Eric A. Lof, 

. G. H. Jones, N. Currie, Jr., S. D. Sprong and R. M. Wilson. 

A series of discussions on the following subjects: Afotor Applications 
in the Rubber Industry; Friction Drive; Motor Installations from Safety 
and Insurance Viewpoints; Explosion-Proof Apparatus; The Influence 
of Inflammable Mine Gas upon the Design of Motors; Limitations as to 
Capacity and Type of Motor which may be Used on a System from the 
Central Station Standpoint; Factors Involved in Motor Applications; 
Link-Belt Silent Chain; The Selection of Motors from the Point of View 
of Frequency, Voltage and Phase, etc.; Individual Versus Group Drive; 
Safety First in Motor Applications; Load Conditions Affecting the 
Selection of Motors; Refrigerating Machinery; Alternating vs. Direct 
Current from the Standpoint of the Central Station. 

FIELDS OF MOTOR APPLICATION 

David B. Rushmore Vol. xxxiv—1915, pp. 1275-1283 

An introduction to a discussion on subject of Fields of Motor Appli¬ 
cation. An industry is defined from an economic standpoint and list 
of principal industries is given. The investigation of an industry from 
the standpoint of electric motor application is covered. 

Discussion incorporated with that of paper by H. E. Stafford on 
“Electricity in Grain Elevators.” » 

ELECTRICITY IN GRAIN ELEVATORS 

H. E. Stafford Vol. xxxiv—1915, pp. 1285-1301 

The storage capacity of grain at the terminals of Port Arthur and Fort 
William, is shown, together with the rated h. p. capacity of prime movers 
and the power used by different machines. Details of various plants and 
equipments are given and a comparison of steam and electrically driven 
plants as regards covenience, maintenance, operation and cost. 

Discussion, (including that of papers by D. B. Rushmore), pages 1302“ 
1348, by Messrs. H. D. James, W. M. Hoen, H. F. Boe, W. C. Yates, 
T. Z. Simpers, E. W. Pilgrim, L. L. Tatum, J. C. Lincoln, J. H. Davis, 
E. W. Rogers, C. A. Kelsey, W. L. Merrill, C. C. Batchelder and R. H. 
Rogers. 

Discussion on “The Electric Elevator”, “Individual Motor Drive as 
Used in the Oil Flotation Process”, “Fractional Horse-Power Motor 
Application”, “Printing Presses”, “Motor Applications of the Brick 
Manufacturing Industry”, “Electricity in the Rubber Industry”, 
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“Dredges and Excavating Machinery”, “The Sugar Industry”, “The 
Paper Mill Industry”, “The Portland Cement Industry”, “The Hand¬ 
ling of Freight in Terminals.” 

STANDARD MARINE ELECTRICAL INSTALLATIONS 
H. A. Hornor Vol. xxxiv—1915, pp. 1821-1854 

The requirements of merchant and naval installations are cited in 
brief. The rules of classification societies are reviewed and present prac¬ 
tise fully discussed. Specific applications to a number of different types 
of ships, both merchant and naval, are given. The reasons for the ap¬ 
plication of electric propulsion to a battleship are briefly given. 

Discussion , page 1855, by Messrs. S. H. Blake and J. H. Finney. 

A short general discussion of details. 

• 

21. TELEPHONY AND TELEGRAPHY 

CONTINUOUS WAVES IN LONG DISTANCE RADIO TELEGRAPHY 
L. F. Fuller Vol. xxxiv—1915, pp. 809-827 

The theoretical transmission equations for both continuous and damped 
waves are considered with the empirical formulas for the latter. Ability 
to predetermine the probable normal daylight-sending radius of high- 
powered radio stations. Experiments with continuous waves between 
San Francisco and Honolulu and the empirical formula derived. Curves 
for both day and night conditions are shown. Effects of changes of wave 
lengths upon transmission efficiency are discussed. 

Discussion , pages 828-841, by Messrs. Alfred N. Goldsmith, J. Zenneck, 
Lee de Forest, A. J. Hepburn, E. F. W. Alexanderson, G. H. Clark and 
L. F. Fuller. 

Alternators dor radio frequencies. The use of the arc as a generator. 
Discussion of “sunrise effect”, interference, audibility and divergence 
factors. 

HOW BELL INVENTED THE TELEPHONE 
Thomas A. Watson Vol. xxxiv—1915, pp. 1011-1021 

A historical sketch of the invention and development of the telephone. 

AN ANALYTICAL AND GRAPHICAL SOLUTION FOR NON-SINUSOIDAL 
ALTERNATING CURRENTS 

F. M. Mizushi Vol. xxxiv—1915, pp. 1159-1170 

The solution for sinusoidal currents, series circuits, may be modified 
by the introduction of current distortion factors to hold for non-sinusoidal 
currents. The usual solution for parallel circuits may likewise be modified 
by similar voltage distortion factors. The general analytical solution 
for both cases is followed by the graphical solution and by special cases. 

Discussion (including that of papers by F. Bedell, R. Bown, H. A. 
Pidgeon, and C. L. Swisher, and Report of Joint Committee on Inductive 
Interference), pages 1171-1200, by Messrs. C. A. Adams, L. W. Chubb, 
H. S. Osborne, W. V. Lyon, W. I. Middleton, C. L. Dawes, E. E. F. 
Creighton, J. B. Whitehead, W. J. Foster and F. Bedell. 

Discussion on the effect of frequency on telephone operation with 
recommendations leading to the reduction of distortion of wave form in 
power circuits. A description of pure wave generator. 
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SUBMARINE CABLE RAPID TELEGRAPHY: OCEAN AND INTERCONTINENTAL 

TELEPHONY 

Bela Gati Vol. xxxiv—4915, pp. 2079-2107 

A description of methods and apparatus applicable for increasing the 
speed of cable telegraphy and ocean telephony. Various makes of relays, 
sensitive receivers, microphones and loaded circuits are considered in 
detail. 

Discussion , pages 2108-2111, by Mr. O. B. Blackwell. 

A general discussion on doubtful points of the paper. 

DISCUSSION ON “REPORT BY THE JOINT COMMITTEE ON INDUCTIVE 
INTERFERENCE” 

Vol. xxxiv—1915, pp. 2113-2125 

The factors involved in inductive interference and methods of limiting 
or counteracting them with special reference to high frequency, reduction 
of harmonics and forms of line construction and transformer installation. 

22. MISCELLANEOUS TOPICS AND INSTITUTE AFFAIRS 

THE MULTIPLEX COST AND RATE SYSTEM 
Otto B. Goldman Vol. xxxvi—1915, pp. 1-17 

Method of determining the cost of electric service with variable demands 
The value of competition and the regulation of profits. Examples 
covering various conditions are worked out. 

Discussion , pages 18-21, by Messrs.Julian Loebenstein, L. C. Tomlinson, 
and O. B. Goldman. 

General discussion with particular attention to growth factor and the 
time-watt-hour meter. 

THE BEST CONTROL OF PUBLIC UTILITIES 
Frank G. Baum Vol. xxxiv—-1915, pp. 145-167 

An appeal for the establishment of class rates with an outline for the 
method of determining these rates. Examples are given to show why 
various class rates differ. 

Discussion incorporated with that of paper by P. G. Baum on “Class 
Rates for Light and Power Systems or Territories”. 

SYMPOSIUM ON “THE STATUS OF THE ENGINEER” 

Vol. xxxiv—1915, pp. 293-332 

Addresses by Messrs. L. B, Stillwell, E. W. Rice, Jr., E. M. Herr, 
Alexander C. Humphreys, George F. Swain, Henry G. Stott and J. J. 
Carty. 

FIXATION OF ATMOSPHERIC NITROGEN , 

Leland L. Summers Vol. xxxiv—1915, pp. 577-611 

Description of the very definite commercial limitations of nitrogen 
fixation set by the vast natural deposits of sodium nitrate with which the 
production of a substitute must compete. The very low efficiency of 
electrical fixation processes is emphasized and the possibilities of a com¬ 
bination electrical and chemical process discussed. Comparative figures 
are given showing the amount of energy necessary per kilogram of nitrogen 
fixed. 
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Discussion, pages 612-617, by Messrs. Joseph W. Richards, J. L. R. 
Hayden, D. B. Rushmore, Charles A. Doremus, F. V. Henshaw, Frank B. 
Washburn, and Leland L. Summers. 

Consideration of the power situation with relation to a fixation plant. 
The Rjukanfos, Norway plant. 

THE FLOW OF ENERGY 

Robert A. Philip Vol. —1915, pp. 779-808 

Description of a new graphical method, of representing the flow of 
energy showing the functions of generators, motors, transformers, trans¬ 
mission lines, and other parts of an electric distributing system in terms 
of the flow of energy through them. 

No discussion. 


HOW BELL INVENTED THE TELEPHONE 
Thomas A. Watson Vol. xxx i v — 1915 ,^. 1011-1021 

A historical sketch, of the invention and development of the telephone. 

THE TREND OF ELECTRICAL DEVELOPMENT 
President’s Address 

Paul M. Lincoln Vol. xxx i v — 1915 ^ pp> 1023-1034 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—I 

J. A. Walls Vol. xxxiv—1915, pp. 1201-1212 

Notes on investigation of types of foundations, digging holes for founda¬ 
tions, concreting foundations and erecting towers. 

Discussion incorporated with that of paper by A. Bang on “Four Years 
Operating Experience on a High-Tension Transmission Line.” 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—II 

J. B. Leeper Vol. xxx i v — 1915 , pp# 1213-1219 

The importance of properly designed tow^er anchors so that maximum 
strength of tower may be obtained with most economical outlay. In¬ 
stances of loss where this has been overlooked. 

Discussion incorporated with that of paper by A. Bang on “Four 
Years Operating Experience on a High-Tension Transmission Line.” 


FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—HI 

W. E. Mitchell Vol. xxxiv—1915, pp. 1221-1226 

The development of the type of all-steel tower footing used by the 
Alabama Power Company for their 110,000-volt transmission lines is 
outlined with a summary of conditions influencing the designs finally 
arrived at. 

Discussion incorporated with that of paper by A. Bang on “Four 
Years Operating Experience on a High-Tension Transmission Line.” 

FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—IV 

P. M. Downing y ol . xxxiv-1915, pp. 1227-1231 

The weakest link of a transmission system is the line. Towers are 
strongly advocated for trunk lines and conditions to be met in design 
are given. The use of concrete footings is recommended. 




SYNOPTICAL INDEX 


49 


Discussion incorporated with that of paper by A. Bang on "Four 
Years Operating Experience on a High-Tension Transmission Line.” 

FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND TOWER 
ERECTION—V 

F. C. Connery Vol. xxxiv—1915, pp. 1233-1241 

A brief explanation is presented of the types of towers, tower founda¬ 
tions, etc. along with details of field practise used in connection with two 
lines of towers carrying six 190,000-cir. mil, seven-strand copper con¬ 
ductors between Niagara Falls and Toronto. The question of dispensing 
with massive concrete foundations for towers is dealt with. 

Discussion incorporated with that of paper by A. Bang on "Four 
Years Operating Experience on a High-Tension Transmission Line." 

CLASSIFICATION OF ALTERNATING-CURRENT MOTORS 
Val A. Fynn Vol. xxxiv—1915, pp. 1349-1390 

The component field theory is suggested as best suited to the classi¬ 
fication of a-c. motors. Descriptive names are offered for 44 a-c. motors 
including the principal forms of single-phase, polyphase, commutator 
and commutatorless. These names are such as to positively identify 
each machine. The author also points out the fact that there is no 
justification whatever of the term "repulsion” in connection with a-c. 
motors. 

Discussion incorporated with that of paper by F. Creedy on "The 
Classification of Electromagnetic Machinery.” 

THE CLASSIFICATION OF ELECTROMAGNETIC MACHINERY 
F. Creedy Vol. xxxiv—1915, pp. 1391-1415 

A classification of all dynamo electric machinery according to five 
sets of characteristics, as follows: type of field; method of disposal 
of secondary power; use of commutators; method of magnetization; 
method of connection. 

Discussion (including that of paper by V. A. Fynn), pages 1416-1428, 
by Messrs. A. S. McAllister, H. M. Hobart, C. R. Underhill, C. A. Adams, 
V. A. Fynn, W. C. Korthals Altes and F. Creedy. 

A general*discussion of various methods of classification of electro¬ 
magnetic machinery. • 

CLASS RATES FOR LIGHT AND POWER SYSTEMS OR TERRITORIES 
Frank G. Baum Vol. xxxiv—1915, pp. 1693-1713 

Arguments in support of the principle of establishing uniform rates 
throughout a system or territory for different classes of service. In 
establishing the rates, the author segregates the services into eight 
different classes and divides the rates into energy and demand charges. 

Discussion , pages 1714-1729, by Messrs. A. H. Babcock, W. J. Norton, 
H. L. Wallau, M. G. Lloyd, S. N. Clarkson, W. H. Pratt, E. L. Wilder, 
J. W. Welsh, H. M. Hobart, R. W. Pope and F. G. Baum. 

Discussion includes arguments for and against the class rate and 
statements of methods of rate making that have proved successful. 
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PROGRESS IN THE IRON AND STEEL INDUSTRY AND THE ELECTRIC FURNACE 
Karl Georg Frank Vol. xxxiv—1915, pp. 1731-1738 

The history and development of the electric furnace and a prophecy 
as to future development. 

No discussion. 

SYMPOSIUM ON “INVENTORIES AND APPRAISALS OF PROPERTIES” 

Part I 

C- Cory Vol. xxxiv—1915, pp. 2023-2030 

The chief factors that must be taken into account in making an inven¬ 
tory and appraisal of an electric lighting and power property; the factors 
usually universally recognized; the factors generally recognized; the 
factors regarding which there is serious controversy; differences in inven¬ 
tories and appraisals of properties when these are to be used for different 
purposes. 

Discussion incorporated with that of Part III by William J. Norton. 

SYMPOSIUM ON “INVENTORIES AND APPRAISALS OF PROPERTIES” 

Part II 

W. G. Vincent, Jr. Vol. xxxiv—1915, pp. 2031-2040 

The procedure that is necessary to obtain reliable inventories and 
reasonable appraisals of properties that can be defended both from the 
standpoint of the public and companies; the extent to which detailed 
inventories and appraisals should be kept up to date by companies; 
the best way in which detailed inventories and appraisals may be kept 
up to date by companies. 

Discussion incorporated with that of Part III by William J. Norton. 

SYMPOSIUM ON “INVENTORIES AND APPRAISALS OF PROPERTIES” 

Part IH 

William J. Norton Vol. xxxiv—1915, pp. 2041-2050 

Factors and items involved in the determination of working capital 
Discussion (including that of Parts I and II, by C. L. Cory and W. G. 
Vincent, Jr.), pages 2051-2078, by Messrs. Philander Betts, H. Spoehrer, 
H. Floy, W. F. Lamme, F.J. Rankin, H. J. Ryan, F. E. Hoar, J. B. Fisken, 
J. H. Finney, D. B. Rushmore, L. B. Ready and C. L. Cory. 

Discussion covers overhead charges, value of inventories, working 
capital, valuation and general related topics. 

RATES AND RATE MAKING 

Paul M. Lincoln Vol. xxxiv—1915, pp. 2279-2318 

The necessity of recognizing load factor in rate schedules is emphasized. 
To obtain load factor necessitates the measurement of maximum demand; 
a new maximum demand meter is described which depends upon heat 
and heat storage. The theory of such meters is discussed. A new method 
of measuring power factor and volt-amperes is disclosed and a method of 
recognizing pqwer factor in the rate for electric service is discussed. 

Discussion , pages 2319-2360, by Messrs. W. McClellan, E. J. Cheney, 

P. Betts, J. W. Lieb, H. G. Stott, C. I. Hall, J. B. Taylor, H. W. Peck,' 

H. Goodwin, Jr., W. N. Polakov, T. Jones, A.W. Burke, F.T. Leilich, R. S. 
Hale, E. J. Blake, A. Dow, J. G. De Remer, F. A. Sager, E. P. Roberts, 
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R. A. Philip, H. L. Wallau, R. A. Lundquist, J. D. Mortimer, L. R. Lee 
and P. M. Lincoln. 

A general discussion for and against various methods of rate making. 

THE COMBINED OPERATION OF STEAM AND HYDRAULIC POWER IN THE 
PENNSYLVANIA WATER AND POWER COMPANY SYSTEM 
John Abbet Walls Vol. xxxiv—1915, pp. 2361-2368 

The experience of a large hydroelectric development on an erratic 
river, in .endeavoring to accomplish most effective combined steam and 
hydroelectric operation. A plea is made for drawing up power contracts 
to encourage effective combined operation of hydroelectric plant with 
customers’ existing steam equipment. 

Discussion incorporated with that of paper by J. P. Vaughan on 
“ Supplemental Power for Hydroelectric Systems.” 

SUPPLEMENTAL POWER FOR HYDROELECTRIC SYSTEMS 
J. F. Vaughan Vol xxxiv—1915, pp. 2369-2381 

An outline of the functions of a steam plant furnishing relay and 
supplemental power for a system whose normal source of power is water. 
Diagrams illustrate in a hypothetical case the division of load between the 
hydraulic and supplemental sources of power. 

The paper also discusses some general data obtained from a number 
of New England water power systems. 

Discussion (including that of paper by J. A. Walls) pages 2382-2388, 
by Messrs. A. S. Loizeaux, Mr. Birkhinhine, and J. F. Vaughan. 

A general discussion of the limiting factors in water power development. 

CONSTRUCTION ELEMENTS OF THE TALLULAH ’FALLS DEVELOPMENT 
Charles G. Adsit and W. P. Hammond Vol. xxxiv—1915, pp. 2389-2438 

A very complete description of the Tallulah Falls hydroelectric devel¬ 
opment, one of the highest head water power-plants in the world. Unit 
costs of the various items of construction are given. 

Discussion , pages 2439-2442, by Messrs. A. J. Porskievies, A. S. Loiz¬ 
eaux, C. G. Adsit, C. O. Lens, Mr. Biglow, G. A. Hoadley, H. Pender, 
R. B. Owens and L. Jorgensen. 

A general discussion of the details and unit costs of construction. 

THE REPULSION START INDUCTION MOTOR 
James L. Hamilton Vol. xxxiv—1915, pp. 2443-2474 

This paper sets forth the general characteristics of the repulsion start 
induction motor and compares them with similar characteristics of 
d-c. motors and other a-c. motors. It outlines a definite and commercially 
practicable method of studying the electrical design of existing motors 
and of predetermining the design of new or proposed motors. 

Discussion, pages 2475-2482, by Messrs. H. Weichsel, C. A. Weber, 
F. J. Bullivant, M. Brooks and J. L. Hamilton. 

A general discussion of the design methods given by the author. 

SINGLE-PHASE SQUIRREL-CAGE MOTOR WITH LARGE STARTING TORQUE 
AND PHASE COMPENSATION 

Val A. Fynn Vol. xxxiv—1915, pp. 2483-2508 

A description of a new single-phase motor which develops a large start¬ 
ing torque and operates with unity power factor. It outlines the manner 
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m which the machine was developed, discusses the theory of its operation 
as well as novel points in its design and gives a number of test results 
obtained with motors of different sizes. 

Discussion , page 2509, by Mr. H. Weichsel. 

A brief description of the working characteristics of the motor. 


municipal co-operation in public utility management 

Jt * j« Jjk. 63 .Iy vw 

Vol. xxxiv—1915, pp. 2533-2544 
. Condit i°ns surrounding early grants and the meagre knowledge of the 
importance of public utilities in their inception. The changing view of 
the public and the constantly increasing investment necessary to meet 
demands. _ The need of favorable conditions that capital may be attracted, 
the question of regulation of utilities and the limitation of extensions. 
The injustice of diverting public utility earnings to municipal purposes. 
An abstract of the Kansas City traction ordinance. 

r D J' sc ^ sswn ' Pages 2545-2548, by Messrs. C. A. Hobein, M. G. Lloyd 
L. B. Cherry, N. W. Storer and P. J. Kealy. 

Various views of the public utility and conditions surrounding them. 

RECENT RESULTS OBTAINED FROM THE PRESERVATIVE TREATMENT OF 
„ TELEPHONE POLES 

F. L. Rhodes and R. F. Hosford Vol. xxxw-1915, pp. 2549-2593 

The results of an experience with treated poles over a period of 18 
years are analyzed. Data given for poles treated by pressure, open 
an and brush methods. Rates of decay, increase in life by treatment 
the effect of seasoning, and characteristics of the damage to poles caused 
by decay and by insects are covered. 

Discussion, pages 2594-2600, by Messrs. H. von Schrenk, C. H. Tees- 
dale, C. A. Hobein, Jr., L. B. Cherry, N. W. Storer and R. F. Hosford 
Creneral discussion. 


H D Weic^° SING MAGNETIC FIELDS INT ° THEIR HIGHER HARMONICS 
* WeiC * Sel Vol. xxxiv—1915, pp. 2721-2738 

A description of methods of decomposing a magnetic field into its' 
lgher harmonics by representing the field shapes as geometrical figures 
composed of a number of triangular waves with certain phase displace¬ 
ments against the other. This avoids in many cases the usual long mathe¬ 
matical operations. Equations are deduced for the harmonics of various 
wave shapes based upon Fourier’s equation for a triangular field. 

Discussion, pages 2739-2745, by Messrs. G. R. Dean T L Hamiltrm 
N. S. Diamant, L. W. Chubb and H. Weichsel. J ' 

A general discussion of the methods employed by the author in decom¬ 
posing magnetic fields. 
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saturation current.. 

the electron. 

velocity of movement... 

. velocity of ions, measurement. 

dielectric strength, very small gaps. 

electric strength of.. 

electron theory, effect of very low temperature. 

ionization, equation. 

fundamental assumption, equation. 

normal variation. 

spark discharge. 

Air-gap, flux distribution.. 

Alternating currents, calculation of average e’ effect of wave shape 

equation. 

heatipg effects, derivation of formula.. 
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e.m.f. wave. 

inductive interference. 

parallel circuits, current, 

equation.. 

parallel circuits, graphical so¬ 
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numerical example. 

series circuits, graphical solu¬ 
tion . 

series circuits impressed volt¬ 
age equation. 

solution, analytical and 

graphical. 

resistance, measurement. 

diagram of connec- 

A1 • tions.. 

Alternators, resonance, fifth harmonic voltage rise. 

short circuit, calculations... 

current rise. .. 

current rush, use of resistance.. 

sustained, effect. 
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Alternators, short circuit phenomena ( continued ) 

Boucherot’s theory. 2240 

Boucherot’s theory, arma¬ 
ture current equations. . . 2242 

calculation vs. actual test.. 2274 

constants, determination... 2244 

current direction, diagram. 2252 
tests, armature reaction, determination. 2263 

calculation methods.. 2260 

conclusions. 2266 

description of apparatus. 2271 

different kinds of short circuits.. .. 2256 

different kinds of short circuits, 


effect on supply. 2265 

excitation. 2268 

exploring coils. 2259 

maximum current rush. 2267 

calculation, 
impedance 
method . . 2270 

maximum possible current, defini¬ 
tion. 2274 

sudden, 3-phase and single-phase. 2253 

special contractor. 2254 

various time angles. 2255 

sine e.m.f., commercial machines. 1198 

wave, practically perfect. 1195 

tooth harmonics, reduction of. 1196 

Appraisals, properties.. 2023 

amount of investment. 2067 

assembling and summarizing field notes. 2034 

cost of reproduction new. 2026 

vs. valuation. 2072 

costs, indirect construction. 2035 

five results sought. 2024 

form of. 2037 

hydroelectric, specific example.... 2069 

investment. 2024 

factors included. . 2074 

keeping up to date. 2038 

lumber company, specific example. 2070 

necessary forms. 2033 

organization necessary. .. 2033 

original cost. 2026 

overhead charges..... 2035 2051 

distribution mains. 2057 

general structures and 

works. 2054 

land.. 2053 

machinery and equip¬ 
ment. 2055 

meters, fixtures, tools, 

laboratory equipment. 2057 

organization. 2053 

percentages allowed. 2075 

services. 2057 

transmission mains. 2056 

typical cases. .. .. 2058 

preliminary investigations. 2032 

present value. 2029 

public utility, value.. ‘. ’ ’ * * * 2078 

reproduction cost. 2028 
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Appraisals, properties {continued) 

unit prices, preparation.\ . .. 2034 

value to operating companies. 2059 

working capital. 2041 

amount of. 2064 

specific examples. 2065 

calculation of.. 2046 

customers’ demands. 2044 

development. 2042 

elements constituting. 2061 

general cash balance. 2045 

jobbing business. 2073 

merchandise and fuel sup¬ 
plies . 2049 

minimum cash balance.... 2049 

permanently open ac¬ 
counts. 2048 

service and payment, av¬ 
erage time. 2068 

service in advance of pay¬ 
ment. 2043 

subsidiary revenues. 2063 

Arc phenomena (See Circuit breakers) 

Arc phenomena... 1921 

a-c. oil switches. 1922 

arcing pieces, 3-phase inductive 

circuit. 1924 

double-brush contact. 1925 

generated pressures ... 1925 

inductive 3-phase circuit. 1923 

non-inductive 3-phase circuit. 1922 

pressure rises. 1931 

speed of operation. 1929 

oscillatory phe¬ 
nomena . 1930 

theory of cavitation. 1926 

volatilization of oil. 1928 

circuit breakers, kilowatt capacity. 1935 

method of operation. 1940 

d-c. circuit breakers, magnetic blow-out, pressure 

rises. 1933 

pressure rises. 1932 

external reactors, situation. 1939 

shape of arc, effect of medium. 1941 

use of reactors.. 1937 

searchlight (See Searchlight) 

Aspinall conductor rail.. ... 1580 

Auto-transformers, connections, 2- and 3-phase operation. 2141 

Bearings, motor (See Motors, etc.) 

Bell, Alexander Graham, telephone invention. 1011 

Belt conveyors, controllers. 977 

Bessel functions, table. 1999 

Birkeland-Eyde process.. 596 

Brick industry, motor application. 1319 

Brown’s thermopile relay, submarine cable telegraphy. 2092 

Brushes, carbon, d-c. operation, armature troubles.. 661 

chattering. 665 

commutator slotting. 668 

troubles. 662 

controller troubles. 672 

current density. .. 675 

field troubles. 660 

hardness vs. abrasiveness. 673 
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Brushes, car.bon, d-c operation ( continued ) 

lubricants. 673 

picking up copper. 666 

pigtails. 676 

pitting.• 666 

poor contact. 664 

spacing. 663 

short-circuit currents.‘. . 665 

standardization. 678 

troubles, accumulative. 671 

general. 659 

outside electrical. 669 

outside mechanical. 669 

type of holder.,. 674 

Burrows permeability apparatus. 2642 

Busbars, magnetic forces acting. 30 

relation of force to distance be¬ 
tween centers, various currents.. 32 

Bushings (See Porcelain, electrical) 

Butte, Anaconda & Pacific Railway, contact system. 1487 

Cables, underground, temperature. (See Conductors) 

Calibration, current transformers, mutual inductance method. . . . 1599 

Capacity, rectangular wire, determination of. 1112 

Cathode ray tube, deflecting quadrants. 1642 

dielectric losses, investigation. 1627 

effect of moisture. ... 1642 

electrostatic charges on glass. .. 1639 

avoidance of. 1641 

excitation... 1643 

mechanical commutator.. .. 1690 

flash-overs. 1640 

focusing coil. 1644 

peculiarities. 1646 

vacuum characteristics. 1638 

Cement industry, motors. 1343 

Central stations, direct vs. alternating current, factors in¬ 
volved.726, 749 771 

short-circuit protection. 23 

mechanical rigidity of 

_ apparatus. 24 

. oil switch capacity. 24 

Circuit, a-c., voltage drop, table for various power factors....... 647 

Circuit breakers, air-break vs. oil-break.996 997 

arc phenomena (See Arc phenomena) 

d-c., short-circuit data. 998 

high pressures, generation and purpose.1950 

magnetic blow-out, action. 1945 

mechanical vs. electrical time. 1943 

oil, 25-and 60-cycle. 261 . 

arc phenomena, frequency'effect. 249 

capacity factor. 254 

deionization. 253 

design tendency. 257 

dielectric value of oil.250 263 

energy dissipation. 267 

factors tending to maintain arc. .. 247 

length of break. 250 

maximum duty. 256 

mechanical features. 253 

multi-break.250 264 

point of arc extinguishment. 248 

of failure. 262 

references to previous papers. 263 
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Circuit breakers, oil ( continued) 

resistance and reactance types.255 260 

temperature effect.. 264 

voltage and current waves, inductive. 252 

non-inductive... 251 

drop across arc. 265 

volume and pressure. 260 

variation of performance with current. 1946 

Class rates (See Public utilities) 

Classification, electromagnetic machinery. 1391 

motors, a-c.1349 1416 

Coal and ore bridges, controllers.... 977 

handling hoists, a-c. 983 

Collectors, electric railways. (See Contact systems) 

Commercial steels, magnetic properties, analyses. 2649 

Commutation, d-c. machines, arcs between adjacent bars, causes . 1755 

arcs between adjacent bars, limiting 

factors. 1754 

arcs between adjacent bars, period . 

of occurrence. 1756 

arcs non-explosive, effects. 1759 

average e.m.f. 1765 

blackening and burning. . . ... 1766 

brush current density, limits.. . 1768 1798 

e.m.f., apparent, limits. 1748 

overload. 1749 

friction. 1795 

carbon brush, advantage. 1746 

conductors per slot. 1774 

contact drop... . .. 1746 

method of utilization.. 1796 

temperature effect. 1750 

current density, true and apparent. 1767 

field form. 1765 

flashing. 1752 

arcs between adjacent bars. 1753 
constant current vs. con¬ 
stant potential machines.. 1758 

d-c. railway motors. 1764 

synchronous converters. ... 1762 

flickering voltage. 1778 

non-periodic. 1780 

non-periodic statis¬ 
tics .. 1782 

periodic. 1779 

high mica.... 1770 

ideal condition. 1745 

kw. per pole, equation. 1790 

variation with fre¬ 
quency and pitch, 

tables. 1792 

limits. 1740 

moving contact, current action. 1769 

noise and vibration. 1774 

number of slots. 1773 

physical limitations. 1739 

picking up copper. 1772 

pitting. 1753 

short-circuit coil, current action.... 1741 

neutralizing e.m.f. 1742 
neutralizing e.m.f. 

apparent. 1747 
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Commutation, d-c. machines ( continued ) 

short-circuit e.m.f. apparent, meth¬ 


ods of limiting. 1751 

short-circuit e.m.f., pulsation. 1744 

voltage, commutating 

poles, effect. 1760 

voltage, equations . 1787 1789 

volts per bar. 1743 

short-circuits, effects.. . 1761 

sparking, remedies. 1797 

synchronous converters, kw. per 

pole. 1793 

undercutting. 1771 

vibration,, nature of. 1777 

volts between bars, maximum limit. 1757 

winking of lights. 1778 

Commutators, d-c. machines, peripheral speed. 1784 

truing. 1785 

Condensers, potential and current. . . .. 1645 

Conductivity, air (See Air conductivity etc.) 

Conduction, gaseous. 1035 

Conductors, magnetic # forces acting, angle bends. 74 

average vs. maximum. 73 

resisting forces. 76 

short circuit, asymmetrical wave, heating effect equa¬ 
tion . 39 

^, temperature rise... 39 

temperature rise, 
effect cross-sec¬ 
tion.42 43 

symmetrical vs. asymmetrical wave, tem¬ 
perature rise. 40 

symmetrical, wave heating effects, equa¬ 
tion . 34 

temperature rise. 36 

temperature rise, ef¬ 
fect cross-section.44 45 

skin effect. 1953 

a-c. machinery. 2020 

aluminum stranded conductor. 1971 

bibliography. 2013 

copper stranded wire. 1969 

variation of resistance 

with frequency. 1971 

strips. 1972 

change of inductance with fre¬ 
quency. 1976 

skin effect ratios. . ... 1974 

variation of resistance with fre¬ 
quency... 1973 

determination, arrangement of test pieces . . 1958 

calculation of inductance. . . 1960 

detectors. 1962 

electromagnetic revolution 

counter. 1961 

generators. 1963 

Heaviside bridge, conditions 

for balance. 1981 

mutual inductance bridge... 1954 

mutual inductance bridge, 
construction and arrange¬ 
ment. 1956 

empirical formula, narrow strips. 2009 
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Conductors, skin effect ( continued) 

historical outline. 1953 

impedance ratio, non-spiralled stranded, 

non-magnetic metal. 2000 

No. 0000 solid copper, change of resistance 

with frequency. 1967 

No. 0000 solid copper, data. 1965 

variation with fre¬ 
quency. 1968 

proximity effect. 1980 

round non-magnetic conductors, formulas 

in terms of resistance. 2019 

round solid copper wires, tests. 1963 

slotted and half copper tubes, change of 

resistance with frequency. 1979 

slotted tube.1978 

spirality effect. 1980 

theory, solid cylindrical conductors. 1983 

tubular conductors. 1976 

uniform flat strips, indefinitely great width. 2002 

temperature rise, insulation wrappings. .. ; .,*. .. 76 

three parallel, magnetic forces acting, equation. 25 

magnetic forces acting, relation of 
force to current, various distances 

between centers. 26 

magnetic forces acting, relation of 
force to distance between centers, 

various currents. 27 

spiral, magnetic forces acting. 81 

two parallel, magnetic forces acting, equation. 28 

underground, effect moisture ontejnperature. 233 

paper-insulated, limiting temperature.. 235 

temperature, conduit type effect. 245 

dielectric losses. 244 

effect percolating water. 241 

hotspots. 236 

measurement. 234 

methods of control. 237 

seasonal variation. 235 

surface effect. 242 

waterproof ducts. 243 

Consolidated Gas & Electric Light & Power Co. of Baltimore, 

load curve, yearly. 2382 

Contact systems, conductors and collectors. . 1547 

subdivision. 1547 

effect of temperature changes. . 1578 

overhead, Butte, Anaconda & Pacific Railway.. .1487 

B. A. & P. R. R., collection problem.. 1488 

construction, progress 

report. 1503 

cost. Interstate Com¬ 
merce report. 1504 

cost of materials.... 1494 

distribution system, 

cost. 1493 

eight track span con¬ 
struction . 1501 

hangers and struts, 

dimensions....... 1490 

high cost causes .... 1505 

insulation, street rail¬ 
way crossings. 1496 
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Contact systems, overhead, B. A. 8c P. R. R. ( continued) 

interruptions of ser¬ 
vice, causes. 1508 

line drop. 1515 

maintenance cost, 

1913 to 1915. 1507 

map. 1500 

operation, reliability. 1506 

pantograph. 1489 

pantograph repairs.. 1514 

poles.. .. 1492 

power at collectors.. 1487 

pull-offs. 1491 

repair work. 1515 

roller bearings vs. 

bushings, cost.. .. 1513 

roller collectors, diffi¬ 
culties. 1510 

roller collectors, lu¬ 
brication. 1511 

roller collectors, mi¬ 
leage average. 1512 

section insulation... 1495 

sectionalization, trol¬ 
ley and feeder lines. 1499 
street railway cross¬ 
ings, contactors... 1497 

trolley and feeder sys¬ 
tem, total cost... 1502 

trolley wire, rate of 

wear. 1509 

compound catenary. 1461 

construction and cost... . 1459 

maintenance and cost. . 1471 

contact wire. 1462 

cost, compound catenary. 1467 

feeder and transmission lines. .. . 1469 

single catenary. 1468 

yard construction. 1470 

cross-span construction. 1463 

delays, causes. 1476 

tabulation of. 1475 

double catenary. 1460 

inspection, methods. 1473 

results. 1474 

instructions to load dispatchers..... 1482 

to towerman. 1483 

insulation... 1462 1477 

maintenance, costs. 1484 

organization. 1472 

records. 1485 

operating efficiency. 1474 

poles with brackets. . 1464 

rules and regulations. 1481 

sectionalization. 1464 

single catenary. 1461 

special construction_?. 1466 

supporting structures, the bridge.. .. 1463 

wear. I 479 

. mileage tables. 1480 

wood section break. 1465 

pull-off insulators, wood vs. porcelain. 1582 

Southern Pacific, Portland Div.. 1561 
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Contact systems ( continued ) 

S. P. R. R., bracket arm, construction. 

construction. 

current collectors. 

curve construction.. 

pulloff. 

interurban construction. 

line anchors. ...... 

maintenance.. 

pole spacing. 

. poles. 

section insulators. 

sectionalizing.. 

tangent construction, cost. 

trolley wire wear. 

third rail, anchoring. 

Aspinall type. 

shoe.. 

bonding and jointing. 

construction and location. 

crossings connection. 

installation and mainentance, cost. 

insulating and supporting. 

quality of rail. 

rail section..... 

shoe..... 

skin effect. ; .. 

special work required. 

storage yards, layout. 

unprotected, top-contact, 600-volt. 

# vs. trolley, cost comparison. 

reactances. 

weight of rail. 

trolley, catenary suspension. 

compound catenary. 

direct suspension. 

double wire.- ■ % . 

effect of wind. 

flexibility. 

wave-crest curves. 

effect of suspen¬ 
sion. 

slider type, wear of wire. 

special construction. 

two-wire, advantages.. • 

West Jersey and Seashore R. R. : • 

cost of construction. 

delays. 

feeders. 

maintenance, costs. .. 
operation and main¬ 
tenance. 

sleet removal. 

third rail. 

and track, rela¬ 
tive position 
and track, re¬ 
sistances . .. 

approach. 

bonding. 

cross- bond- 


insulators .... 


1563 

1561 

1573 

1570 

1571 

1565 

1566 

1572 

1562 

1564 

1568 

1567 

1569 

1574 

1540 

1580 

1581 
1538 

1549 
1543 
1543 
1538 
1537 
1536 

1550 
1584 

1541 

1542 
1535 

1575 
1579 
1535 

1552 
1583 

1551 
1559 
1559 

1553 

1554 

1555 
1557 

1556 
1577 
1517 
1529 
1531 
1525 
1531 

1529 

1575 

1517 

1521 

1533 

1519 

1518 

1527 

1520 
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Contact systems, West Jersey and Seashore R. R., third rail ( continued ) 


jumper. 1520 

protection.... 1522 
sectionalizing 
switches. . . . 1528 

track bonding. 1526 

trolley vs. third rail, 

cost of replacement. 1530 

^ wire. 1524 

Contactors, mill.. . . 339 

Control, automatic, substations (See Substations, automatic con¬ 
trol, etc.) 

foundry, crane, variable voltage.856 864 

d-c. versus a-c..853, 858, 864 

manual vs. magnetic. 857 

industrial, foundry. g 43 

board, Tallulah Falls development. 2418 

systems, motor. (See Motor control, principles, etc. 

Controllers, a-c., single vs. three-phase relays. 1006 

six-pole concatenated. 1004 

automatic compensator type, mine-pump service.... 976 

coal and ore-bridge service. 977 

crane, bridge motion service. 946 

foundry, arc furnaces. g 45 

welding. g 44 

crane..... 845 

dynamic brake, series contactor. 862 

dynamic braking. 852 

emergency panel. 865 

hook speed. 846 

limit switch. 859 

rapidity of operation, induction motor 

service. 849 

safety limit. 860 

speed-time curve calculations, d-c. 

series motor service. 850 

speed-time curve calculations, induc¬ 
tion motor service. 850 

trolley motor. 856 

electric resistance furnaces. 845 

hand or automatic: blowers, grinders, mixers, 

dryers, conveyers. 843 

lifting magnets.844 857 

selection, factors to be considered. 854 

12 -point rheostatic, w T ound-rotor induction 

motor service. 847 

hoist, accelerating rheostats. 995 

hoist, d-c....,‘si 7 925 

arcing at contacts. 941 

compound motor, diagram of connections. . . 928 

continuous service precautions. 923 

cost. 932 

current carrying capacity. 921 

500-ton blast furnace service. 925 

grids. 944 

allowable temperature use.950 955 

sources of trouble. 956 

high-speed coal type. 933 

diagram of connections. 935 

.. . duty cycle. 934 

limiting devices.. 943 , 945 953 

magnetic type. 919 

maintenance and depreciation. 932 
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Controllers, hoist, d-c. ( continued) 

resistance units. 

resistors. 

sequence of control. 

series lockout switch. 

series switch acceleration.. 

slow-speed ash type, automatic. 

diagram of connec¬ 
tions . 

compound motor, duty 

cycle. 

time-limit feature. 

wiring. 

geared limiting switch.. 

mechanical vs. electrical interlock. 

series vs. parallel resistance grouping. 

skip, d-c., requirements. 

incline operation, a-c. 

main rolling mill service.... 

mill. ..867 

a-c... 

face-plate type. 

energy dissipation. 

frequent reversal. 

remote control. .. .. 

solenoid, chattering. 

construction details. 

current relay... 

primary vs. secondary relays. 

series-relay self-starter. 

type. 

accelerating relay. 

automatic, disadvantages. 

crane, drum vs. dial type. 

development. 

dial type, flashing. ; . 

equipment requirements, tabulation. 

full magnetic, advantages.884 

full-reverse, multi-speed. 

single-speed.. .. 

jamming relays.. 

location of.. 

magnetic type. 

master controller and push-buttons, mechanical 

weaknesses.*. 

non-reverse, pushbutton. 

protection devices.... 

remote control type. 

service requirements.... 

shunt-field protecting relay. 

solenoid, hand and air-operated.992 

mine-hoist service.... 

pump service.... 

motors. (See Motor control, principles, etc.) 
semi-automatic and automatic, belt conveyor service. 

shovel, a-c... 

ship-hoist service._.. 

Converters, synchronous, commutation, kw. per pole. 

hunting. 

Corona, apparent strength of air.. 

critical voltages, visual and disruptive. . 

discharge (See Precipitation, electrical) 

equations.... 


958 

931 
922 
942 
948 

937 

938 

939 
954 

932 
1000 

999 

1009 

930 

951 

980 

883 
961 

963 

966 
965 

964 

971 

968 

972 

969 

970 

967 

993 

905 

906 

901 

907 
886 
914 
885 

884 

994 
913 

902 

910 

888 

887 

913 

884 

899 

993 

979 

975 

977 

973 

978 
1793 
1763 

278 

270 

275 
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Corona ( continued ) 

formation. 1035 

alternating and continuous potentials. 1056 

Bergen Davis theory. 1051 

bibliography. ; ... 1057 

critical intensity and wire radius, relation. 1055 

effects following. 1064 

electric stress, equation. 1051 

Corona, formation, Peek theory. 1059 

round wires, surface intensity equation. 1050 

striking distance. 1061 

theories. 1045 

Townsend’s theory. 1053 

various wire diameters, table. 1054 

high-frequency. 1065 

law, equation. 270 

losses, calculated and measured. 269 

rectifier. 1062 

spark-gap, glass plate. 515 

visual critical voltage, effect of dirt, points etc.272 277 

Crane, foundry, operation, typical problem worked out. 863 

Current, a-c., wave form distortion. (See Wave form) 

distortion, skin effect. 1954 

short-circuit, calculation.47, 48, 49 

transformers, phase angle. 1585 

Cyclograph, development. 1637 

theory.1631 

. used as pow r er factor meter.. 1633 

Davis, Bergen, corona formation theory. 1051 

Decomposing magnetic fields, higher harmonics (See Magnetic 
fields, decomposing, etc.) 

Development, electrical, trend of (President’s address). . .. 1023 

Dielectric, air, strength... 278 

losses, cables, effect on temperature. 244 

insulation resistance after high-voltage 

.test. 1687 

commercial cable, portable-wattmeter method. . 1681 

cumulative effect. 1685 

determination, bridge methods. 1688 

cathode ray tube. 1627 

cathode ray tube method, accur¬ 
acy of results... 1676 

cathode ray tube method, calcu¬ 
lated results. 1650 

cathode ray tube method, calcu¬ 
lation of losses. 1636 

cathode ray tube method, cyclo¬ 
graph theory. 1631 

cathode ray tube method, cyclo¬ 
graph uses. 1633 

cathode ray tube method, dia¬ 
gram of connections. 1630 

cathode ray tube method, mea¬ 
surement of current. 1635 

cathode ray tube method, mea¬ 
surement of voltage.. 1636 

cathode ray tube method, origi¬ 
nal data.. 1649 

cathode ray tube method, poten¬ 
tial and current condensers. .. 1645 

electrostatic wattmeter method.. 1688 

electrostatic wattmeter vs. cyclo¬ 
graph. ____ 1691 
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Dielectric, losses, determination ( continued ) 

experimental results. 1647 

insulation power factor, equation. 1634 

dry-core telephone cables. 1679 

empirical equations. 1664 

current vs. per cent moisture 1673 

current vs. temperature. 1670 

current vs. voltage... 1666 

power factor vs. per cent 

moisture..... 1674 

power factor vs. temperature 1671 

power factor vs. voltage. 1667 

watts vs. temperature. 1672 

watts vs. voltage. 1669 

gas, liquid and solid insulations; comparison. . . 1682 

oil-treated pressboard, current vs. temperature. 1657 
current vs. voltage. 1656, 1659 

effect of moisture. 1662 

loss vs. temperature. 1656 1659 

loss vs. voltage.1655 1660 

power factor vs. tempera¬ 
ture.1658 1659 

power factor vs. volt¬ 
age...,.1657 1660 

saturated-paper-insulated cables. 1679 

varnished cambric, 40,000 and 100,000 cycles... 1683 

varnished cloth, current vs. temperature. 1653 

current vs. voltage. 1653 

loss vs. temperature. 1652 

loss vs. voltage.. 1651 

power factor vs. temperature... 1654 

power factor vs. voltage. 1654 

Dielectrics, air, break-down voltage, continuously applied. 1862 

break-down, time element. 1857 

imperfect, theory. 1685 

transient voltages, air films, strength. 1896 

break-down, effect of initial ioniza¬ 
tion. 1918 

minimum potential... 1916 

concentric cylinders, 60-cycle and 

transient corona curves. 1884 

concentric cylinders, corona gra¬ 
dient curve. 1885 

concentric cylinders, spark-over 

curves. 1884 

concentric cylinders, transient cor¬ 
ona. 1880 

effect. 1857 

effect on solid insulation. 1900 

effects on oil. 1897 

equations... 1859 

general laws of break-down, gaseous 

dielectrics.1907 

general laws of break-down, oil 

and liquids. 1909 

general laws of break-down, solids 1909 

high-frequency, gradients.. % . 1865 

impulse break-down vs. continuous¬ 
ly applied, various gaps, calcula¬ 
tions. 1867 

impulse generator. 1859 

needle-gap sparkover, kv. vs. time 1875 
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Dielectrics, transient voltages ( continued ) 

needle gaps, effect of wave shape.. 1869 

voltage vs. spacing, 

various frequencies. 1873 

oscillatory and non-oscillatory, cal¬ 
culations.1863 1864 

oscillatory and non-oscillatory, 

curves, plotted. 1861 

ratio of needle to sphere gaps, effect 

of wave shape. 1870 

same front but different duration, 

effect on air. 1866 

solid insulation, comparative 

strength various mediums. 1904 

cumulative effect 

of impulses. 1906 

cumulative effect 
of over-voltages 

1905 1913 

puncture voltage 
vs. time, impreg¬ 
nated paper.. .. 1903 

strength vs. time 

of application... 1902 

spark lag. 1910 

distribution of potential.. 1912 

insulators with corrugated 

surfaces. 1914 

ionization. 1911 

spark-over, concentric cylinders, 

effect of air density.. 1890 

effect of air density... . 1889 

gaps in multiple. 1877 

gaps in multiple, rising 

wave... 1879 

heating effect. 1920 

initial ionization. 1888 

insulators. 1895 

insulators, effect of 

polarity. 1896 

needle gap vs. sphere 

gap. 1919 

needle gaps, effect of 

air density. 1892 

oil; disk, needle and 

sphere gaps, ratios. . 1898 

positive and negative.. 1888 

sphere gaps, effect of air 

density. 1893 

sphere vs. needle gaps, 
single half cycles, 
various frequencies.. 1871 

suspension insulators, 

wet and dry. 1896 

voltages, wet and dry.. 1915 

sphere gap, effect of wave shape.. . 1870 

various types, 10 -cm. needle gap. . 1869 

Dimmers, data card, carbon lamp control. 352 

tungsten lamp control. 7 355 

design, carbon lamp control. 35 1 

control range. 358 

resistance step gradation. 359 

value, methods of determination 360 
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Dimmers, design (■ continued) 

skate shoe feature. 

specifications. 

tungsten lamp control.. 

master lever control. ‘ ‘ ‘ 

mechanical design, tungsten lamp control 

tungsten lamps. . 

variation with amplitude of harmonic 

, . . with order of harmonic. 

deviation. 

differential, equation.* 

variation with amplitude and order 
of harmonic. 

integral.. . 

equation... 

variation with order of harmonic 
_ peak. 

Distortion factors.. 

curve and harmonic. 

differential and integral.’ ’ ’ ‘ ‘. 

•pv. , numerical values, table.*.. 

Distribution, d-c. versus a-c., N. E. L. A. recommendations' " 

two-phase versus three phase. 

Dredges and excavating machinery, motors. 

Drysdale potentiometer. . 

Electric circuits, inductance and capacity, abrupt voitage im¬ 
pressed, effect. 

in parallel, impressed 
alternating current, 

effect. 

in series, impressed al¬ 
ternating current 
effect 

elevators (See Motor applications, elevators, etc.) 

. furnace, iron and steel industry. 

Electrical installations, battleships, gyroscopic compass, wiring 

diagram. 

coastwise passenger and freight vessels.. . 

ferryboats and excursion steamers. 

fleet auxiliary vessels and battleships. 

freight vessels, colliers and oil tankers. . .. 
launches, yachts, tugboats, fireboats, 

dredges... 

merchant practise, communication systems 

conduit. 

fire-alarm systems. 

generating, sets. 

lighting units. 

motors. 

requirements. 

requirements Lloyd’s 

Register... 

requirements National 
Board Fire Under¬ 
writers . 

requirements Steam¬ 
boat Inspection Serv¬ 
ice . 

searchlights. 

submarine receiving set 
switchboards. 


357 

358 
353 
356 
355 
349 

1739 

1153 

1154 

1155 
1144 

1149 

1150 

1151 

1152 

1153 

1147 
1143 
1146 

1148 
1157 

727 

746 

1331 

1597 

2201 


2199 


2200 

1731 

1853 

1845 

1843 

1850 

1845 

1842 

1831 
1825 

1832 
1827 

1830 

1831 
1821 

1823 


1824 


1824 

1829 

1832 

1828 
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Electrical installations, merchant practise ( continued ) 

wireless. 1832 

wiring requirements, 

American Bureau of 

Shipping. 1822 

naval practise. 1834 

conduit. 1835 

generators. 1837 

motors.. 1838 

searchlights and lighting 

units. 1838 

signal system. 1840 

switchboards... 1837 

wiring system. 1836 

standard, marine. 1821 

submarines and torpedo-boat destroyers.. 1849 

Electricitymill service, advantages. 868 

Electrification, railway, contact systems (See Contact systems) 

Southern Pacific, Portland Div. 1561 

Electrodynamometers. 1623 

Electrolysis, overhead. 2127 

aluminum wire.2138 2139 

concrete poles. 2140 

copper-clad wire. 2137 

creepage in strain insulators. 2128 

prevention. 2130 

dissimilar metals.... 2131 

effect on galvanizing. 2129 

galvanized guy wires... 2138 

Electromagnetic machinery, classification. 1391 

circular or constant in¬ 
tensity field machines. 1400 

converters. 1405 

elliptic field machines. . . 1405 

elliptic field machines, 

power calculations.... 1407 

shunt-type machines... . 1411 

revolution counter. 1961 

Electrostatic field, equipotential surfaces, square conductor. 1111 

Elevator service motors (See Motors) 

Elgin & Belvidere Electric Railway Co., substations, automatic 

control. 1806 

Energy, flow. 779 

accelerating power. 785 

representation. 788 

alternating currents. 784 

apparent power. 801 

branched circuits.. 804 

charging power. 805 

induction motor and generator. 794 

lagging and leading currents. 803 

magnetizing power.".. 790 

representation. 793 

motor and generator. 782 

oscillating circuits. 807 

power factor. 802 

rotating shaft. 780 

synchronous condenser.798 

motor and a-c. generator. 795 

thermal and mechanical and electrical.. . .. 781 

transformers. 799 

transmitting medium. 783 

Engineer, status of.293 to 332 
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Explosion-proof motors (See Motors, applications, etc.) 

Flywheels, application to motors (See Motors) 

Focusing coil, cathode ray tube. 

Form factor, constant, phase angle and E variable, plotted. 

E constant, phase angle variable, plotted. 

equation.;. 

limit of usefulness.1180 

odd and even harmonics, effect of.. 

phase angle constant, E variable, plotted. 

significance. 

variation with E 3 and 0 2 isometric projection. 

various values, waves plotted. 

Foundry controllers (See Controllers, foundry) 

Fractional horse-power motors (See Motor applications, fractional 
horse-power) 

Frequency, telephone voice currents.. 

Freight handling, electric. 

Friction drive (See Motors, applications, etc.) 

Furnace, electric, development of iron and steel industry. 

flexibility and adaptability, value. 

high-quality steel. 

high-temperature characteristic, value. 

iron and steel industry. 

resistance. 

Gases, Kinetic theory. 

Generator, impulse. 

diagram. .. 

Generators, 3-phase, Tallulah Falls development. 

a-c., high-frequency, radio work. 

parallel operation, 2- and 3-phase. 

with high-ten¬ 
sion system.. 

short-circuit characteristics. 

synchronizing.•. 

Niagara, cross-section diagram. 

operating history. 

slots, cross-section diagram. 

windings, deterioration. 

Union Electric Light & Power Co., temperature limits. 

Glass plate, corona spark-gap. 

puncture voltage. . . .. 

Gulstad’s, vibrating relay, submarine cable telegraphy. 

Gyroscopic compass, naval practise, wiring diagram.■ 

Haber, theory of ionic collisions. 

Hausser process.. .. 

Heaviside bridge, balance conditions, theory. 

Heurtley's magnifier, submarine cable telegraphy. 

Heyland circle'jdiagram. ... 

Hoist controllers (See Controllers) 

Hoists, a-c., coal handling. 

air-operation of brakes and clutches.... 

braking._. 

cycle of operation. 

lowering speed control. 

regenerative braking. 

special requirements. 

Union Railroad Pittsburgh installation, 

description.... 

d-c., high-speed coal type.. 

skip, duty cycle. 

skip, inertia of moving facts. ; . 

slow-speed ash type, automatic. 

freight handling. 


1644 

1139 

1136 
1138 
1187 
1178 

1137 
1135 

1140 
1142 


1171 

1344 

1732 

1735 

1736 

1737 
1731 

860 

1036 

1859 

1858 

2414 

828 

2142 

2143 
33 
57 

2748 
2760 

2749 
2774 
2765 

515 

517 

2089 

1853 

592 

601 

1981 

2091 

647 

983 

988 

984 
986 

989 

990 

984 

985 
932 
919 
918 
937 

1344 
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Hoists ( continued ) 

mill service, duplication of equipment. 1002 

Hydraulic and steam power, combined operation, Penn. Water 
and Power Co., (See Penn. Water and Power Co., etc.) 

Hydroelectric systems, development, economical limits. 2386 

‘supplemental power. 2369 

5,000-kw. New Eng¬ 
land plant. 2377 

available sources. 2376 

character of contracts. 2384 

emergency operation.. 2385 

function, relative val¬ 
ues. 2371 

functions and charac¬ 
teristics . 2369 


load dispatching, 

40,000 kw-hr. 2372 
80,000 kw-hr. 2373 
100,000 kw-hr. 2374 
180,000 kw-hr. 2375 


plant types.. . 2370 

principal uses. 2381 

standby operation. . . . 2383 

standby operation, oil 

firing. 2387 

various plants. 2378 

Tallulah Falls development (See Tallulah 
Falls development, etc.) 

Hysteresis loops, a-c. method, complication. 2719 

closing of. 2718 

position relative to magnetization curve. 2717 

unsymmetrical. 2693 

analysis of tests. 2699 

* comparison with symmetrical.... 2703 

determination of magnetization 

current wave. 2714 

energy dissipated.•.. 2694 

errors of results. 2713 

high and low silicon steel. 2700 

increased loss, parabolic equation. 2702 

investigation deductions. 2695 

loops with common center. 2710 

materials tested.. 2696 

medium silicon steel, log density 

vs. log hysteresis curves. 2709 

medium silicon steel, loops 

grouped. 2705 

unsymmetrical, method of testing. 2697 

occurrence. 2696 

plotted. 2698 

use of dynamometer wattmeter. 2715 

variation with density. 2701 

loss, measurement, test specimen vs. large cross-section 

piece. 2716 

relation to magnetic induction, Steinmetz formula 2671 

sheet steel, a-c. tests, eddy-current loss. 2685 

displaced magnetic pulsations, a-c. test 

method. 2678 

displaced magnetic pulsations, areas of 

loops. 2679 

displaced magnetic pulsations, ballistic 

loops. 2674 
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Hysteresis loss, sheet steel ( continued ) 

displaced magnetic pulsations, early 


tests. 2672 

displaced magnetic pulsations, effect. . . 2671 

displaced magnetic pulsations, volt- 

. second meter method.. 2674 

displaced magnetic pulsations, volt- 
_ second meter method, diagram...... 2675 

high amplitude results. 2683 

relation of displacement factor and dis¬ 
placement .. 2673 

relation to permeability. 2685 

Steinmetz law, variation of coefficient 

with displacement... 2680 

Steinmetz law, variation of coefficient 

with displacement, curves. 2690 

and open hearth, displacement factor 

. vs. displacement, curves.. .. 2691 

illumination, streets, animation of source. 1448 

brightness and illumination intensity. 1434 

classification of streets. 1431 

color. 1447 

diffusing globes. 1444 

distribution, effect of lamp life. 1456 

effective.. 1429 

brightness, measurement of. 1457 

effectiveness, table. 1440 

flood system.. 1450 

improved distribution.’ . ’ 1443 

installation factors. 1439 

lamp types, distribution characteristics. 1442 

lamps and accessories, efficiency. 1429 

lamps and street surfaces, relation. . .. 1436 

location of units. 1445 

nature of pavement.. 1434 

oiled surfaces. 1449 

power of unit vs. glare.. 1446 

processes of seeing... 1432 

protection for eyes. 1444 

purposes.. 1432 

reflectors, distribution curves.,.... 1454 

residence section. 1453 

residents’ viewpoint. 1455 

silhouette effect... 1433 

size of unit and space intervals. 1441 

skill in installation. 1430 

specular reflection. 1452 

surface irregularities. 1451 

variables.’ 1438 

Impedances, mutual, measurement. kjiq 

t 1 , , 1 , , . connection diagram. 1617 

Inductance, mutual, calculation, equation.. . . . . 1604 

measurement... 1613 

diagram of connections. 1614 

self, measurement... 1613 

T , diagram of connections.! 1615 

Inductances, mutual, calibration. 1607 

design and construction.. 1601 

measuring ratio and phase displacement of 

current transformers. 1609 

Induction motors, repulsion start, (See Motors, induction, etc.). 

Inductive interference, arcs in air.. 2121 

“bats,” 60,000-volt line... 2122 
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Inductive interference ( continued) 

committee report.1171, 2113 

control of residuals... 2117 

future investigations. 2118 

insulator capacitance. 2125 

power and telephone circuits, induction 

between. 2114 

power circuit, unbalances to ground. 2113 

reduction of harmonics. 2123 

transient phenomena. 2120 

transpositions, effectiveness. 2115 

triple harmonic residuals star-connected 

transformers, grounded. 2114 

Inertia., moment, motor geared to machine. 892 

Insulation, composite, use.. 2772 

temperature effect. 77 

Insulations, dielectric losses (See Dielectric losses, etc.). 

Insulator, porcelain, testing. 465 

Insulators, composition, strain, failure. 2134 

high-frequency and high voltage. 1686 

impulse spark-over. 1895 

porcelain, strain. 2127 

creepage distances. 2135 

essential dimensions, table... 2133 

failure. 2132 

wood, strain. 2136 

Intercontinental telephony (See Telephony, intercontinental, etc.) 

Interference, inductive, calculation of factor. 1182 

decrease in intelligibility of conversation, 

effect of frequency.. 1173 

decrease in intelligibility of conversation, 

effect of phase angles. 1174 

distortion factors, effect of. 1175 

exciting current of transformers. 1172 

improvements in new machines. 1177 

telephone circuits. 1171 

wave-form of rotating machines. 1172 

weighting of harmonics. 1181 

Inventories and appraisals of properties. 2023 

properties, necessity. 2031 

Ionization (See Precipitation, electrical) 

Iron, pure, hysteresis loops and permeability curve.. 2615 

Iron alloys, chemical properties. 2621 

flux density, iron-silicon, annealed, curves. 2632 

forged, curves. 2631 

forgeability, limits. 2640 

magnetic and electrical properties, Hadfield's iron-sili¬ 
con.. 2619 

iron-silicon, graphic 

representation.. 2629 

tests, iron-silicon, results. 2627 

properties. 2601 

aging, effect. 2667 

analyses of commercial steels. 2649 

Burrows permeability apparatus... 2642 

comparison of high and low silicon, 

annealed. 2637 

comparison with commercial steel.. 2636 

compensating coils, correction factor 2668 
effect of end coils 2659 

position. 2655 

current, effect. 2635 

crystal size vs. permeability. 2662 

electrical resistance.. . 2612 




















































TOPICAL INDEX 


73 


Iron alloys, magnetic properties ( continued ) 

equilibrium diagram. 

high permeability, effect on ma¬ 
chine design. 

hysteresis, analyses of results. 

exponent. 

iron-boron and iron-carbon. 

iron-cobalt. 

hysteresis loops. 

saturation intensity... 
magnetic leakage, distribution.... 
magnetic non-uniformity, effect.. 

magnetic testing. 

material, apparatus and methods. 

mechanical strain error. 

mechanical tests. 

mechanical working, effect. 

permeability, analyses of results . 

permeameter. 

photomicrographs. 

ring specimen. 

ring vs. Burrow’s method of testing 

saturation curve. 

sheet steel. 

Steinmetz law, limits of application 
strain tests, calibration of apparatus 

strain tests, results. 

magnetization curves. 

mechanical properties, iron-silicon, annealed. 

forged. 

graphic representa¬ 
tion . 

tests, iron-silicon, annealed. 

# # forged... 

permeability, iron-silicon, effect of silicon. 

properties, two best iron-silicon. 

Kinetic theory of gases. 

Kenotron (See Rectifier) 

Lamp, carbon and tungsten, comparison of characteristics. 

incandescent, candlepower, a-c., vs. d-c. operation. 

Leakage flux (See Permeance, leakage flux, etc.,) 

Lincoln, Paul M. (President’s address).. 

Load curve, typical power system. 

Locomotives, electric, commercial life. 

meters.. 

N. Y., N. H. 8c H., cost. 

freight. 

statistics. 106, 117, 
passenger. 


2620 

2658 

2644 

2670 

2607 

2609 
2614 

2610 
2660 
2661 

2603 
2602 

2604 
2613 
2643 
2647 
2603 
2638 

2663 

2664 

2654 

2655 
2666 
2607 

2605 
2610 
2617 
2616 

2625 

2624 

2623 

2634 

2641 

1036 

350 

347 

1023 

159 

102 

134 

109 

90 

123 

88 


repair statis¬ 
tics 104, 112 to 116 
statistics. . 104, 122. 

switchers. 90 

single-phase, (SeeRailroads, N.Y.,N.H.&H.) 

steam, power cost; . 126 

Lubricants, motor bearings (See Motors) .. 

Magnetic fields, decomposing, common field shapes. 2722 

composite waves.’ 2738 

higher harmonics. 2721 

interrupted rectangular wave. 2730 

interrupted rectangular wave, com¬ 
plete equation. 2731 

interrupted trapezoidal wave. 2734 
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Magnetic fields, decomposing ( continued ) 

interrupted trapezoidal wave, com¬ 
plete equation. 2735 

interrupted triangular wave. 2732 

interrupted triangular wave, com¬ 
plete equation. 2733 

nth harmonic. 2728 

practical value.*. 2740 

rectangular wave.. 2727 

single-phase motor stator field, 

equation. 2726 

trapezoidal, equation. 2724 

wave. 2722 

fundamental and 

resultant waves 2723 

coefficients. 2729 

triangular wave. 2722 

various wave forms, equations by 

Gregory’s series. 2741 

electric machines, interpolar regions. 1093 

subdivision of. 1087 

flux distribution, concentrated armature winding 1109 

main to interpoles. 1105 

pole flank to armature, graphical 

determination. 1100 

6 -pole, 4-pole, 2-pole machines, 

etc., armature core. 1114 

transformer core. 1113 

under alternator-poles. 1115 

higher harmonics, effect on iron losses. 2739 

leakage flux distribution, round and rectangular 

poles. 1097 

effect on pole saturation. 1097 

reluctance (See Reluctance, etc.) 

triangular, trapezoidal, etc. wave shapes, existence 

of v .... 2744 * 

two-dimensional, accuracy of assumptions. 1116 

forces (See Conductors) 

properties, iron alloys melted in vacuo (See Iron alloys, 
magnetic properties, etc.) 

pulsations, displaced, effect on hysteresis (See Hysteresis 
loss, sheet steel, etc.) 

Magnetizing currents, transformer, harmonics... 2157 

Magnets, electro, mechanical pressure, equation. 1126 

Marine electrical installations, standard.. 1.821 

Maximum demand meter, Lincoln’s. *[*’*’*’*'[ 2285 

Meters, excess watt-hour. 2336 

Lincoln maximum demand, advantages. 2285 

conduction of leads. 2304 

convection loss. 2296 

diagram. .. 2292 

differential temperature, mea¬ 
surement. 2291 

heat radiation, Stefan-Boltz- 

man law. 2296 

heat-time curve. 2288 

heating effect, derivation of 

formula. 2313 

hydraulic analogy. 2287 

logarithmic average meter. . . 2300 

nature of average measured.. 2299 

period of demand. 2290 
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Meters, Lincoln maximum demand ( continued ) 

physical size vs. time required 


to heat. 2294 

principle. 2286 

thermal feature, diagram. 2288 

thermal shunting. 2303 

time of response. 2298 

iron wire.... 2302 

various ma¬ 
terials. 2301 

uniform scale, reasons for... . 2289 

reactive component... 2308 

Type H and logarithmic average curve, comparison. 2327 

demand indicator. 2327 

operating elements, diagram . . 2328 

Wright demand, change in volume of liquids. 2329 

diagram. 2305 

inaccuracy.•. 2306 

time characteristics. 2307 

Mica insulation, armature coil, effect of intermittent service. 2773 

linear expansion. 2779 

Niagara generators, actual copper 

temperatures. 2755 

Niagara generators, armature re¬ 
actance effort. 2767 

Niagara generators, condition of 

insulation. 2762 

Niagara generators, effect of eddy 

currents on temperatures. 2754 

Niagara generators, length of ser¬ 
vice vs. temperature. 2761 

Niagara generators, location of 

thermocouples. 2751 

Niagara generators, losses in cop¬ 
per and core effect. .. 2758 

Niagara generators, maximum tem¬ 
peratures . 2753 

Niagara generators, open-circuit 

temperatures. 2759 

Niagara generators, temperature 

test results. 2750 

Niagara generators, temperature 

tests, graphic log. 2752 

overload capacity effect. 2766 

safe "temperature, effect of con¬ 
ductor arrangement. 2770 

standardizing limiting value...... 2765 

temperature, safe operating. 2747 

limit, mica- and 
paper - wrapped 

insulation.. 2763 

limit safe, conclu¬ 
sion . 2764 

temperatures, effect on shellac 

binder. 2771 

Union Electric Light & Power Co. 

generators, temperature limits.. 2765 

safe temperatures, factors to be considered. 2776 

use on high-tension wire wound armature. 2777 

Mill controllers (See Controllers, mill) 

Mills, electrical equipment, cost limitations. 105 

Mine hoists, controllers.’ 979 

Moisture, soil, measurement.’ 244 
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Molecule, diameter. 

Motor, acceleration.. ' * 

current and torque curves.. 

applications, brick industry. 

complete equipment, responsibility. 

costs.. 

dredges and excavating machinery. 

elevators, a-c. motors. 

arrangement of sheaves. 

d-c. motor. 

lubrication. 

selection of motor. 

sheave and rope loss. 

stopping... 

worm drive of winding drum. 

equipment and power. 

factors involved, capacity limitations.... 722, 
central station viewpoint... 
direct vs. alternating cur¬ 
rent.726, 749, 

d-c. and a-c. distribution.. . 

duty cycle. 

explosion-proof... 707, 712, 
frequency. 737,742,744,753, 

frictio'n drive.:. 

individual vs. group drive.747 

link-belt silent chain. /. 

phase. . .740, 743, 744,753, 
refrigerating machinery.. . . 

rubber industry. 

safety and insurance view¬ 
point.708, 

safety, control equipment. . 
motor equipment.. . 

summary. 

two-phase vs. three-phase 

distribution. 

. voltage. .739, 742, 744, 753, 

factory and labor. 

fields.. 

fractional horse power.. 

choice of motor. 

methods of drive. 

mounting. 

* temperature. 

tests..‘. 

torque. 

freight handling. 

grain elevators.’ ’ 

Canadian Northern Railway 

Elevator. 

Canadian Pacific Railway Co. 
comparison of steam and elec¬ 
tric installations. 

Consolidated Elevator. 

cost data.. 

day and night loads.. 

Fort William Elevator Co.. .. 
Grand Trunk Pacific Elevator 

handling the grain.... 

Ogilvie Milling Co. 

The Horn Elevator. 

Western Terminal Elevator... 


1037 

869 

871 

1319 

1329 

1281 

1331 

1305 

1302 

1305 
1304 
1304 

1303 

1306 

1304 
1280 

764 

774 

771 

727 

766 

718 

768 

706 

755 

733 

768 

768 

698 

760 
762 

761 
695 

746 

768 

1280 

1275 

1309 
1312 

1311 

1312 
1311 

1310 
1310 
1344 

1285 

1288 

1288 

1294 

1288 

1301 

1300 

1287 

1291 
1296 

1292 
1292 

1286 
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Motor, application, ( continued ) 

oil-flotation process. 1307 

paper mill industry. 1340 

printing presses.* 1314 

job and flatbed. 1315 

lithographing. 1316 

rotary. 1317 

rotary newspaper. 1318 

rubber industry. 1324 

sugar industry.* "" 1335 

the Portland cement industry. 1343 

U. S. industries, statistics, table. 1277 

various industries, points of interest. 1278 

control, a-c. contactors. ’ 2797 

building equipment, proper specifications. 2793 

carbon contacts. . # 2799 

contactors, magnetic blow-out. 2795 

contacts, wipe and roll.* * 2805 

copper contact.. 2802 

counter e. m. f. method.. 2787 

current limit method...* 2788 

dynamic braking.’ 2792 

high-voltage a-c. contactor. 2800 

drop-out relay. 2800 

industrial contactors, various types. 2786 

manual, dial and drum types. 2784 

vs. magnetic.*. 2794 

principles and systems.* 2781 

rapidity of operation, steel mill service... * 2796 

resistors, heating and cooling curves.. .. 2783 

temperature coefficient. 2784 

. types •.. 2781 

reversing blooming mill drive. 2801 

shunt coils, intermittent and continuous capacity 2803 

slip-ring motor. 2791 

squirrel-cage motor. 2789 

time-limit starting.’ 2792 

_ voltage variation method.. 2804 

Motors, a-c., classification.. .. . ..’ ’ ’ 1349 1416 

based on energy, torque and power. 1424 

coined name method. 1416 

Creedy system. 1426 

Pynn system... 1427 

rules followed. 1350 

single and polyphase division. 1420 

standardization. 1418 

Taylor system. 1419 

commutator... *]’’** 212 

speed regulation..*. 222 

elevator service, speed characteristics. 197 , 205 , 207 

induction, characteristics. 223 232 

concatenated, characteristics.... 225 232 

operating features.. 226 

roll-table drive, two small vs. one large.’ 991 

rotor excitation.;.’ ^ ’ 1422 

speed regulation. ’ * * 221 

synchronous, characteristics. 215 

a starting. 216 

disadvantages overcome. 214 

limitations. 218 

operating features. 213 

applications. ’’ 174 

application growth, statistics. ***’]’’]][ 170 
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Motors ( continued ) 

bearings. 226 

ball and roller. 230 

lubricants used. 228 

materials used. 227 

methods of lubrication. 229 

brick industry... 1319 

cement industry. 1343 

characteristics. 174 i 93 

classification. 172 

d-c., characteristics. 231 

compensated. 185 

commutating pole. 181 

commutation. 180 

efficiency. 192 

elevator service, armature fly-wheel effect. 205 

commutating pole. 202 

dynamic braking. 200 

gearing. 205 

gearless. 207 

power consumption. 201 

quiet operation. 206 

rating. 204 

regeneration. 200 

speed regulation. 203 

speed torque characteristics. 197 

heating and ventilation. 188 

hoist, compound, duty cycle.. 927 

industrial applications. 176 

inertia and speed-time relations. 186 

mechanical characteristics. 194 

railway, flashing. 1764 

speed-torque characteristics. 177 

stability. 187 

dredges and excavating machinery. 1331 

drive advantages. 171 

elevator (See Motor applications, eievators, etc.) 

starting efficiency. 644 

starting torque vs. running torque. 645 

evolution. 169 

flywheels, application. 211 

fractional horse power.. 681 

application, classification. 686 

development, causes.. 682 

induction. 684 

relative characteristic 

chart. 690 

repulsion. 686 

split phase, current dia¬ 
gram . 688 

manufacturing limitations. 687 

variations. 693 

rating and capacity. 692 

series. 683 

starting current. . 730 

freight handling. 1344 

induction, circle diagram, single vs. polyphase. 2476 

elevator, actual operating conditions. 649 

slip.. 655 

special design, circle diagram. 650 

squirrel cage vs. wound rotor.652, 653 655 

starting, dash-pot adjustment. 652 

starting peak. 656 
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Motors, induction, elevator ( continued ) 

torque and current, Heyland circle 

diagram.. 647 

foundry, speed-torque curves. 847 

mill service. 962 

power factors. 731 

repulsion start. 2443 

ampere-turns calculation. 2475 

brush setting. 2481 

circle diagram. 2454 

external characteristics. 2467 

field of application. 2448 

flux-horse power curves.-.. 2460 

increased armature resistance, 

effect. 2470 

iron loss calculations. 2456 

magnetic circuit calculations. . . 2452 

magnetization curves. 2450 

mechanical design. 2472 

performance, predetermined.... 2459 

performance calculation. 2453 

performance curves. 2449 

resistance of field and armature. 2458 

rotor copper losses. 2478 

starting characteristics. 2464 

temperature rise curves. 2463 

torque efficiency at start. 2446 

torque-horse power curves. 2466 

torque-speed curves.. 2465 

weight, size and cost. 2448 

winding constant. 2478 

winding data. 2451 

squirrel cage and wound rotor, line disturbances 

caused by. 643 

theoretical operation. 648 

voltage regulation limitations.. 724 

mill, acceleration. 869 

gear ratio, equation.. .877 916 

blooming, two motor equipment, advantages. 904 

continuity of operation. 910 

current-time curves, typical case. 881 

flywheel effect. . ... 892 

gear ratio, distance travelled during duty cycle. 903 

effect. 873 

investigation of. 879 

variation in friction load. 903 

horse power-seconds determination. 894 

inertia load, equation. 874 

moment of inertia, determination. 892 

radius of gyration. 894 

retardation, gear ratio, equation. 878 

reversing, blooming mill tables. 898 

machinery, duty cycle. 897 

roll table, operating speed... 895 

speed-torque curves, typical case. 882 

starting, time required, equation. 876 

stopping, time required, equation. 878 

work load, equation. 875 

oil flotation process (See Motor applications, oil' flotation 
process) 

operating features. 175 

ore handling (See Ore handling) 

paper mill industry. 1340 
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Motors ( continued ) 

printing press (See Motor applications, printing presses) 

rating.... 172 

limitations. 173 

rolling mill service, data.’ ' ’ ’ ’ * ' * * ’ ' 931 

rubber industry. 1324 

series or compound wound, acceleration.’ 870 

single-phase, squirrel-cage. 2483 

18-h.p., running connection per¬ 
formance. 2506 

speed-torque curves.. .. 2505 

2-pole type B K, diagram. 2491 

commuted winding. 2488 

compensating e.m.f. 2496 

development and theory. 2483 

effective torque. 2484 

improved power factor. 2490 

leakage fluxes. 2489 

magnetic bridges, rotor wind¬ 
ings. 2492 

magnetic fields. 2485 

no-load power-factor curves.. .. 2498 

running . connection perform¬ 
ance, interrupted compensa¬ 
tion . 2502 

running connection perform¬ 
ance, interrupted compensa¬ 
tion and commuted circuits . 2503 


running connection perform¬ 
ance, maximum compensa¬ 
tion . 

series transformer connections. . 
small starting torque, reason.... 

speed-torque curves. 

starting and running connec¬ 
tions. 

static torque curves. 

, . working characteristics... 

standardization. 393 993 

sugar industry. ’’**** 

synchronous, voltage regulation limitations. . 

speed regulation.. 

Muirhead relay, submarine cable telegraphy. 

Mutual inductance bridge, construction and arrangement. 

^ .... . telephone detector, sensitivity. 

Nernst, equilibrium determinations.. 

Nitrogen, atmospheric, Birkeland-Eyde process. 

fixation.’ ’ * * * ’ ‘ * 

arc process, limitations. 

costs. 

fertilizers. 

limitations of location. 

off-peak load. 

. pbosphate-ammonia process. . 
power requirements, various pro¬ 
cesses . 

prices. 

processes. 

Rjukanfos plant. 

Haber process.592 

Hausser process. 

inertness, molecular.*.*.'.'!.*.*.*.*.* 

nitric oxide, utilization. *’’**[** 


2501 

2495 

2486 

2499 

2500 
2494 
2509 

911 

1335 

725 

220 

2090 

1956 

2021 

591 

596 

577 

613 

608 

607 

616 

610 

617 

609 

607 

582 

612 

605 

601 

584 

602 
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Nitrogen, atmospheric ( continued ) 

Pauling process. 598 

processes, efficiency and losses. 599 

limitations, theoretical. 584 

power-factor and electrode wear 599 

sources of chemical energy. 593 

Schonherr process. 597 

Serpek and cyanamide processes595,603,604 612 

dissociation, rapidity. 591 

dynamic equilibrium theory. 586 

products, ammonia... 579 

Chile saltpeter. 578 

Nitrogen, products, commercial. 577 

available. 581 

cyanides. 578 

N. Y., N. H. & H. R. R., contact system. 1459 

Ocean telephony (See Telephony, ocean, etc.) 

Oil flotation process (See Motor applications, etc.) 

pumps, triplex, Tallulah table development. 2412 

switch, capacity. 24 

switches, arc phenomena (See Arc phenomena) 

Ore handling, a-c., synchronous converter substation.632 640 

versus d-c..631, 639, 641 

application of electricity. 619 

car dumper, fixed.. 622 

movable.. 621 

forces encountered. 622 

friction and acceleration forces, equations. 624 

Hulett unloader.. 621 

motor characteristics, calculations.624 638 

motors, flywheel effect.. 627 

gearratios... 629 

interpole. 640 

lowering and dynamic braking. 628 

radiating capacity.629 639 

selection of type.630, 634, 639 

• solenoid brakes. 635 

sparking.636 639 

types of control.<. 634 

movable car dumpers, location of motors.. 626 

plant, load characteristics. 630 

troubles electrical.636 639 

. power consumed, charges. 633 

trolley speeds. 623 

unloaders and gantry cranes, location of motors.... 626 

rehandlers. 620 

Oscillator (See Porcelain, electrical) 

Paper mill industry, motors.... 1340 

Parallel operation, 2-and 3-phase systems. 2141 

phase, voltage and cur¬ 
rent relations. 2145 

Pauling process. 598 

Penn. Water and Power Co., steam and hydraulic power combined 2361 

steam and hydraulic power com¬ 

bined, daily load diagram, January 2363 
steam and hydraulic power, com¬ 

bined, daily load diagram, March 2364 
steam and hydraulic power, com¬ 
bined, daily river discharge..... . . 2362 

steam and hydraulic power, com¬ 

bined, load curve two steam sta¬ 
tions, low water. 2365 

















































82 


TOPICAL INDEX 


Penn. Water and Power Co. {continue!) 

steam and hydraulic power, com¬ 
bined, load dispatching. 

steam and hydraulic power, com¬ 
bined, meeting growing load con- 

_ ditions. 

Permeameter, description.. 

Permeance, flux distribution, two adjacent teeth, plotted 

fringe flux, overhanging field poles to armature! *.!!!! 

pole flanks to overhanging armature. 

shoe flank to armature, equation*. *. * .*. 
teeth to armature, deep slots, equation. 

, . . plotted. 

leakage, mam to interpole, equation. 

, , . „ plotted. 

internal fringe leakage, slot, equation. 

plotted. 

leakage flux, armature, field removed, equation. 

plotted . 

rectangular-poles to neutral plane, equa¬ 
tion. 


rectangular-poles to neutral* * plane* 

plotted. 

round poles to neutral plane, equation. . 

- . plotted.. .. 

slot, comparison of formulas. .. . 

pole-flank fringe, width.’ 

pole-side leakage, equation.* * * 

plotted. 

pole-tip fringe, equation. 


plotted. 1094 

tooth'fringe flux, equation. 

useful pole-flank fringe, percentage.. 

, vari ation of flux,' opposite and remote slot positions! 

Phase angle, current transformers.. 

Picard system, submarine cable telegraphy 

Porcela\tetecai eSer ! a . tiVe treatment (See Telephone'poles] etc.) 


actual vs. test failures. 

bushing, arc-over voltage. * * 

super-spark potential vs.* * arcing 

length, formulas. 

high-frequency vs. 60-cycle tests'/.*. 

oscillator testing in air. 

puncture voltage under oil.*.*.512, 

smooth and corrugated surface com¬ 
parison . 

surface examination, potential gra¬ 
dient tests. 

classification of failures. 

closed pores and bubbles. 

demands on manufacturer. 

design, tendencies. 

desirable qualities..*.*.'.*.*.'.*.*.'. 

dielectric spark lag.. 556 

drying flaws.:. * * 

theory... 

factory process, salient points 

failure, causes. 

failures, internal stresses.... 

=A U ln S A and , P unct ures, methods of examination’ 

50,000-volt service, data. 

firing. 


2366 


2367 

2603 

1131 

1102 

1101 

1121 

1118 

1090 

1121 

1106 

1122 

1107 
1122 
1110 

1120 

1099 

1120 

1098 

1108 
1104 
1120 
1096 
1119 
1130 
1088 
1103 
1132 
1585 
2084 

465 

560 

539 

543 

558 
518 
520 

538 

550 

469 

534 

566 

571 

490 

559 
508 
504 
490 
477 

569 
532 

570 
502 
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Porcelain, electrical {continued) 

flaws, gradation. 520 

glazing. : . 501 

high-frequency, testing, large vs. small insula¬ 
tors. 554 

homogenity of structure. 503 

ingredients. # . 494 

manufacture.*. 489 

wet vs. dry process. 492 

mechanical strains, detection. 522 

oscillator testing. 469 

capacity of set.:. 475 

control of voltage. 472 

corona streamers and sparks , 

effects. 514 

danger to good porcelain..... 479 

failure percentage. 526 

growth of corona. 525 

heating effect. 481 

insulators in strings. 544 

insulators in strings, location 

of punctures. 546 

measurement of voltage. 473 

natural frequency of set. '487 

operating conditions. 475 

potential gradient. 547 

puncture voltage under oil.... 519 

set.. •. 470 

characteristics. 482 

severity gradations. 476 

superposed high-voltage, de¬ 
tection and measurement . . 510 

suspension insulator, skirt 

faults. 523 

under oil. 511 

proportions of ingredients. 497 

puncture holes, welding. 528 

voltage, relation to thickness. 531 

voltages, comparison 7. T ith glass. 529 

relation of process to dielectric strength. 502 

strains, hot and cold test. 535 

test damage, good porcelain. 551 

pieces, form, selection. 530 

testing, arbitrary methods. 559 

comparison of methods. 562 

limiting factors. 514 

long-time test vs. short-time test. 557 

objects in view. 467 

rational rules. 552 

series gap method. 553 

special methods. 564 

standardization. '572 

of merits. 569 

value of high frequency.... 468 

test. 573 

voltage impact method.553, 562 

wireless outfit. 537 

theoretical shape. 568 

JL3,000-volt system, failures.558, 561 

vitrification.... 509 

wireless service, testing. 561 

Potentiometer, Drysdale. 1597 


























































84 


TOPICAL INDEX 


Power, industrial ore handling. 

plant, short circuit, effects. **’*’’*’ 

stations, centralized vs. distributed.... 

system, d-c., high tension.. 

advantages.:. 

disadvantages. 

load curve. 

-P, . . . short-circuit, current approximation. 

Precipitation, electrical, applications. 

American Steel & Wire Co. problem," data 

arc of contact. 

best working conditions. 

bibliography..455,’ 456, 

black smoke. 

chlorine gas. 

collection of volatilized hydrochloric acid 
corona, _ alternating, positive, negative, 

effectiveness. 

corona discharge. 

demonstration treater. ****** 

earliest experiment. 

early American investigation. 

effect of frequency. 

electrode design. ****** 

energy equations. ********* ’ * 

field data sheet, 24-hr. run.* * 

fields of application. 

first practical application. 

fog dispelling. 

fractioning fume components..." * .* ] ; * * ’ 

fundamental methods. 

Garfield, Utah installation.’. .'.. * * * 

gases from cupel furnaces. ****** 

Goldschmidt Detinning Co. installation .! 

high frequency surging. 

historical sketch... 

illuminating gas. 

influence machine, possibilities.459 

ionization. ' ‘ " ’ 

processes. 

ions, nuclei, aggregates. 

kenotron rectifier.* * * 

Mellon Institute organization. ^ 

Milk Flour Co. installation. 

polarization theory. *.. 

power loss data. . **. **;**’*’* 

practical applications, scope of knowledge 

required.'. 

problems under consideration. 

properties of particles in gases. 

Raritan Copper Works problem.. 

ratio^of voltage to current consumption " 

rectifier, electrolytic. 

removal of cinders. 

Research Corporation organization .*. 

research work. 

smoke, cement dust, alumina "dust, "ashes 

etc. • 7 

sparking potentials various gg.ps. 

stack gas data, summary.... 

gases data.449,'450^ 451, 

structure of matter. 

technical situation in 1912. 


619 

68 

71 

78 

79 

80 
159 

72 
418 
439 

460 

402 
457 
429 
428 
438 

416 

400 

455 

387 
390 
463 

461 

403 
447 

394 

388 

395 
435 
426 
431 
428 
433 

463 
387 
431 
460 
408 
401 
407 
458 
392 
433 
460 
445 

423 
440 
406 

427 

443 

464 

428 
391 
410 

415 

444 
453 
452 
406 

424 
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Precipitation, electrical ( continued,) 

theory. 409 

Tooele, Utah, installation. 432 

transverse velocity equation. 403 

two-section precipitator, data. 446 

use of condenser. 462 

variation in current required. 437 

voltage, sphere-gap measurement. 442 

voltages. 426 

Washoe Smelter, Anaconda installation. . 433 

zinc oxide fumes. 430 

forces acting. 397 

mathematical determination of forces acting. 398 

D . methods used. 3 9 g 

Preservative treatment, telephone poles (See Telephone poles, etc.) 
rinting Press Motors (See Motor applications, printing presses) 

Public utilities, basis of best control. 167 

business interest. 146 

class rates.. **’’** ]* 149 

average cost of power, residence lighting 163 

classification. 160 

determination.154, 157 

diversity factor. 162 

economy. 165 

effect of power consumers. 160 

low rate incentive. ..'. 164 

new business.. 156 

principle. 161 

relati ve values. 166 

sub-station power charges. 161 

first investment risks.... ;. 148 

power inducements. 146 

rates vs. railroad rates.... 150 

vs. lighting rates. 152 

rate determination. 147 

utility management, municipal co-operation. 2533 

municipal co-operation, extensions, in¬ 
creased land values. 2546 

c municipal co-operation, extent. 2537 

fixed return.. 2537 

fixed return 
with city 
participation. 2538 
Glasgow. 2548 


gross earnings 
to munici¬ 
pal purposes 2442 

inci'easing in¬ 
vestment. . 2534 

Kansas City 

plan. 2543 

* limitations on 

extensions. 2541 

Los Angeles.. 2545 

regulated mo¬ 
nopolies... 2536 

sliding scale.. 2539 

n . . Toronto. 2547 

Pumps, mine service, control. 975 

Radio telegraphy (See Telegraphy, radio) 

Radius, gyration, mill motors. §94 

Railroad, electrification, administration.. 701 

density of traffic. ...9*8, 141 
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Railroad, electrification, density of traffic ( continued ) 

analysis. 100 

economy.98, 108 

effect heavy freight service. 129 

field of application. 127 

load factor. 139 

locomotives, commercial life. 102 

N. Y. N. H. & H., construction cost sta¬ 
tistics.108, 118 to 120 

description. 87 

factor of safety. 108 

freight service. 90 

freight service statis¬ 
tics....... 106, 117, 123 

locomotive cost. 109 

mercury rectifier. 91 

passenger engines, re¬ 
pair statistics 

104, 112 to 116 

passenger service. 88 

passenger service sta- 


power to operate all 
services, statistics 
....105,116,117,122, 123 

. problem. 93 

switching. 90 

unit costs. 130 

personnel. 138 

power sources.133 140 

station depreciation. 142 

reliability of service. 140 

single phase advantages. 97 

standard overhead conductor. 96 

success viewpoints. 85 

steam, locomotive power costs. 126 

Railroads, electrification vs. improved steam operation. 142 

Railway substations, automatic control (See Substations, auto¬ 
matic control) 

Railways, electric, contact systems (See Contact systems) 

third rail, 600-volt. 1535 

Rate determination, cost of service, distribution. 13 

generation. 7 

load variation, daily. 2 

seasonal. 4 

transformation. 10 

transmission. 9 

theory. 17 

commission regulation. 17 

development vs. application of theory.. ..... 21 

division of costs. 2 

growth factor.18 147 

definition. 20 

multiplex, consumer classification. 15 

value of service theory. 16 

making, combination demand meter. 2351 

commercial man vs. engineers standpoint. 2321 

composite rate, simplicity. 2339 

consumption factor. 2348 

cost factor. 2326 

of service vs. value of service. 2358 

customer's charge. 2334 

customer’s demand vs. system demand. 2344 




















































TOPICAL INDEX 


87 


Rate making ( continued) 

demand meters, various types. 2285 

diversity factor. 2333 

excess watt-hour meter.* 2336 

factors to be considered. 2283 

graduated consumption charge, Tennessee Power Co. 2354 

half-hour load curve method. 2342 

heat-storage meter, ascending and descending 

curves. 2359 

contract. 2357 

vs. curve-drawing meter, accu¬ 
racy .'. 2355 

vs. curve-drawing meter, relia¬ 
bility and cost. 2356 

Hopkinson method, maximum demand. 2281 

increment costs. 2338 

investment, rate of return. 2343 

Lincoln maximum demand meter. 2285 

load factor. 2279 

residence load. 2280 

value of. 2323 

maximum demand, length of demand. 2335 

percentage customers requiring 

meter. 2319 

time of occurrence. 2322 

factor, justice of. 2340 

logic of. 2282 

indicator, desirability. 2331 

meter, accuracy. 2352 

disadvantages. 2320 

use'at junction of two 

systems. 2349 

use on d-c. circuits. 2350 

power factor. 2308 

reactive component meter and wattmeter combina¬ 
tion. 2309 

reactive component meter and wattmeter combina¬ 
tion, single scale. 2310 

residence load, change of character. 2324 

scientific rate, factors involved.. . .*. 2347 

value of service factor. 2332 

value of simplicity. 2325 

Wright demand meter, failure of. 2284 

Rates (also see Public utilities) 

class, commercial and residence lighting, daily load curves. . 1704 

comparison with freight rate determination. 1714 

cost of service. 1716 

sectional variation. 1703 

customer's load factor. 1722 

power factor. 1723 

demand charges, light and power. 1700 

determination, avoidance of complicated contracts. . 1727 

value of service basis. 1715 

division according to class of business. 1712 

energy and demand charges. 1698 

charges, variation. 1699 

heating and cooking load. 1721 

hydroelectric power... 1707 

light and power. 1693 

load curves. 1695 

factor vs. direct flat rate.. 1726 

power at less than cost. 1709 
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Rates, class ( continued) 

system and territory, injustice of variations in rate . 1708 

uniformity. 1706 

the average rate, disadvantages. 1718 

the rate scale, policy and expediency. 1719 

total cost to consumer. 1702 

uniform, advisability. 1710 

variation with energy charge. 1701 

Wright and Hopkinson schedules. 1720 

determination, “all the traffic will bear” basis. 1728 

light and power, class analysis. 1693 

load analysis, common substation. 1694 

power vs. railroad rates. 1705 

and rate making... 2279 

Reactance, short circuit, effect in feeder bus.51 52 

generator. 55 

synchronizing bus.. 53 

interconnecting substation feeders. 65 

paralleling substation feeders. 64 

individual feeder plan. 70 

relation generator to synchronizing bus, 

equation.. . 59 

synchronizing bus, use..56 57 

Reactors, short circuit, disadvantages. 78 

mutually inductive scheme. 82 

use. 46 

use... 1937 

Rectifier, corona. 1062 

electrolytic. 464 

kenotron. 458 

mercury, N.Y.N.H. & H. 91 

Rectifiers, mercury, location. 135 

Refrigerating machinery (See Motor applications, etc.) 


Reluctance, air-gap, extra-long gap.. . . .. 1092 

magnetic fields, conversion of irregular to rectangular. 1077 

electric machine, subdivision of. 1087 

historical development. 1069 

irregular. 1067 

experimental measurement of 

resistance of test piece. 1083 

geometric equation. 1074 

multipolar machines........ 1086 

tracing equipotential lines... 1084 

La Place equation.. *. 1070 

Schwartz’s and Christoffel’s theorem. 1078 
similarity of flux and potential func¬ 
tions. 1075 

two and three dimensions. 1068 

theoretical, computation.. 1123 

two slotted surfaces. 1131 

Repulsion start induction motors, (See Motors, induction, etc.) 

Resistance, a-c., measurement. 1613 

characteristics, carbon and tungsten lamps.350 354 

Resistivity, volume, definition.. .. 346 

spatial relations. 346 

Resistors, hoist control, d-c. 931 

mill. 889 

Rheostats, mill service, accelerating. 995 

Rubber industry, motors. 1324 

Safe ^ operating ^ temperature, mica armature-coil insulation (See 
Mica Insulation, armature coil, etc.) 
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regulations (See Motor, applications, etc.) 

Schonherr process. 597 

Searchlight, angle of dispersion. 383 

arc, advantage of Beck type. 370 

length, effect on candlepower.'■. 369 

luminous power, equation. 372 

requirements. 368 

steadiness. 377 

temperature. 384 

carbon evaporation temperature. 380 

carbons, statistics..... 378 

comparison Navy 36" vs. Beck... 372 

effective mean spherical c. p.:. 379 

foot-candle power distance curves. 373- 

mirror efficiency.‘.. 365 

beam photometric test. 366 

. line or screen test. 365 

sun or zone test;. 366 

service limitations... 382 

spherical-candle power curve. 375 

Searchlights. 363 

constituent parts. 364 

effective radius of discernment. 381 

. lamp mechanism requirements. 367 

Short-circuit phenomena, alternators, calculations, (See Alter¬ 
nators, short circuit, etc.) 

Shovels, automatic vs. non-automatic, comparison.. 975 

control... 973 

current consumption curve. 974 

Silent chain (See Motor, applications, etc.) 

Single-phase squirrel-cage motors, (See Motors, single-phase, etc.) 

Skin effect, conductors (See Conductors, skin effect, etc.) 

Skip-hoist, controllers. 978 

Southern Pacific, Portland Div., contact system. 1561 

Steam and hydraulic power, combined operation, Penn. Water 
and Power Co. (See Penn. Water and Power Co., etc.) 

Steinmetz formula, hysteresis loss vs. magnetic induction. 2671 

Street illumination, effective. 1429 

Submarine cable, telegraphy, rapid. (See Telegraphy, submarine, 
etc.) 

Substation, portable, high-tension, characteristics. 280 

cost. 287 

delta. 284 

equipment, general. 282 

functions. 280 

lightning arresters. 291 

low-tension delta. 286 

operation. 288 

single vs. three phase. 291 

switch gear. 286 

switches. . .•. 283 

transformers. 285 

100,000-volt. 279 

Substations, automatic control, cost... .*. 1819 

economy of. 1803 

effect on electrolysis. 1816 

Elgin & Belvidere Electric Rail¬ 
way Co. 1806 

\ E. &B.R. R., operation. 1809 

operation, overloads 1812 
op eration, short-cir¬ 
cuits. 1812 
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Substation, automatic control, E. & B. R. R. ( continued ) 

selective devices. . 1808 

wiring diagram.. . . 1807 

feeder copper relation. 1803 

light and power systems. 1813 

light load losses. 1805 

practicability. 1802 

! railway service. 1801 

size of units. 1817 

traffic congestion. 1804 

Tallulah Falls development. 2427 

Sugar industry, motors. 1335 

Tallulah Falls development, Boulevard substation. 2427 

cost. 2435 

high-tension 

• switches. 2433 

low-tension 

equipment. . . 2433 

plan. 2430 

transformer cool¬ 
ing system... 2431 
transformer 


equipment. .. 
wiring diagram 

construction elements. 

control board. 

description.. 

diverting dam.. 

dashboards... 

forebay.. 

forebay, cost.... 

cross section. 

gate mechanisms. 

generators.. 

grounds. 

incline railway. 

intake dam, cost... 

crest detail. 

cross section. 

tunnel. 

cost. 

Mathis dam, sluiceway. 

dams. 

outgoing lines. 

outline map. 

penstocks. 

profile and costs. 

plant units... 

power house, wiring diagram. 

plant buildings. 

cross section... 

station service. 

substations. 

switch house. 

system wiring diagram. 

telephone lines. 

transformers. 

transmission lines.. 

costs. 

towers. 

™ t , . system, description. 

telegraphy, radio, absorption and reflection. 

arc generators. 


2432 

2428 

2389 

2418 

2390 

2395 

2439 

2404 

2406 

2405 

2413 

2414 

2440 

2407 

2400 

2397 

2396 

2398 

2401 
2394 
2393 

2420 

2391 

2408 

2410 
2412 
2417 

2411 

2412 

2421 
2436 
2416 
2435 
2426 

2419 

2422 
2426 

2423 

2392 
835 
830 
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Telegraphy, radio ( continued ) 

audibility and divergence factors. 832 

bibliography. 826 

continuous waves, daylight transmission for¬ 
mula. 823 

empirical transmission for¬ 
mula. 821 

observed data. 822 

San Francisco-Honolulu and 
Tuckerton-Honolulu tests 

conclusions. 825 

frequency. 838 

interference bands. 4 . 835 

long distance, continuous waves.. 809 

, continuous vs. damped waves... 809 

Paulsen Company equipment. 834 

proposed naval investigations. 836 

sunrise effect. 831 

sustained wave tests, curves, various conditions 816 

data taking. 814 

description. 813 

tikker and tone wheel. 829 

transmission equations, test determinations.. .. 812 

theoretical. 810 

wave-length tests. 840 

submarine cable, a-c. impulses. 2083 

actual cable resistance. 2094 

arrival of letters, form, Gott method 2087 
arrival of letters, form, siphon re¬ 
corder and Morse codes. 2086 

Brown’s thermopile relay. 2092 

direct-current impulses, lengthening 2081 
overflow. . . 2082 

Heurtley’s magnifier. 2091 

high frequency... 2100 

inductive shunt. 2097 

instrument speeds, various systems 2080 

inverse current method. 2084 

Muirhead relay.r. 2090 

Picard system. 2084 

rapid. 2079 

resistance curves, various types 

cable. 2096 

transformation of a-c. signals to 

d-c. impulses. 2099 

vibrating relay, Gulstad’s. 2089 

Telephone, invention.•. 1011 

circuits, inductive interference (See Interference) 

lines, Tallulah Falls development, cost.. 2427 

poles, preservative treatment, bibliography. 2588 

brush, method of failure 2579 
Buffalo-Warren line... . 2569 

Buffalo-W arren line 

damage by insects. . . 2585 

butt brush treatment... 2561 

open-tank treat¬ 
ment. 2562 

butt-treated exper¬ 
iences*. .*. 2574 

chestnut, rate of decay 2576 
coal-tar cresote, brush 

method, cost. 2595 
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Telephone poles, preservative treatment ( continued) 

comparison of preser¬ 
vatives. 2581 

creosoted yellow pine, 
Washington-Norfolk 

line. 2553 

cypress. 2596 

decay, definition. 2597 

distribution and loca¬ 
tion of experiments.. 2563 

effect of seasoning.... 2582 

experience with coal tar 2565 

grounding, effect. 2600 

heavy vs. light method 2598 

increase in life. 2577 

juniper, rate of decay. . 2575 

maximum impregnation 2594 

methods. 2581 

Montgomery-New Or¬ 
leans line. 2554 

Omaha-Denver line.. .. 2571 

preservatives used. 2564 

recent results. 2549 

recovery of preservative 2559 
retention of preservative 2557 
Savannah-Meldrim line 2565 
Savannah-Meldrim line 

inspections. 2567 

Savannah-Meldrim line 

reconstructions. 2568 

seasoned and green juni¬ 
per, rate of decay.... 2583 

surrounding’s, effect on 

life. 2556 

swampy ground, effect. 2599 

varieties of timber. 2550 

whole length. 2552 

preservatives, analyses, butt treatments. 2590 

. . whole-length treatments 2589 

untreated, juniper, life.•. 2578 

seasoned and green chestnut, ‘rate 

. of decay. 2584 

Telephony, intercontinental, single wire, ground return......... ’ 2110 

ocean and intercontinental. 2079 

attenuation constant.* * 2108 

coefficients and total resistance values,’ table.’. *.. 2104 

high-frequency current. 2100 

improvement of line. '*’**’ 2102 

microphones, strong current. ** 2101 

phantom circuits, loading coil.* 2103 

reIa y s ....2105 

sensitive receivers. 2102 

_ shunt vs. series loading.2109 

l emperature, differential, heat applied to two bodies at different 

rat , es . 2316 

metals, resistance effect. 243 

safe operating, mica insulation, armature-coil’ (See 


rise, time of response, determination of law. 2312 

iron wire. 2302 

regulation. 2302 

various materials. 2301 
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Temperature ( continued ) 

rises, rates of heat application and time of response, 

derivation of laws. 2314 

Tempering, high-speed steel. 862 

Third rail system, 600-volt. 1535 

Townsend, corona formation theory. 1053 

Transformer connections, delta-cross, disadvantages. 2154 

parallel operation, 2 and 3-phase systems 

current relations. 2148 

parallel operation, 2 and 3-phase sys¬ 
tems, phase relations, diagrams. 2150 

parallel operation, 2 and 3-phase sys¬ 
tems, phase, voltage and current rela¬ 
tions. 2145 

parallel operation, 2 and 3-phase sys¬ 
tems, voltage and phase transforma¬ 
tion. 2151 

parallel operation, 2 and 3-phase sys¬ 
tems, voltage relation. 2147 

magnetizing currents, changes in shape, effect.'. 2159 

harmonics.. 2157 

3-phase c ore-type 

units. 2169 

shell -form 

units. 2169 

T-connected 

bank. 2168 

3 single-phase units, 
delta-star connec¬ 
ted. 2161 

direction of. 2166 

open delta connec¬ 
tions. 2168 

star-delta transfor¬ 
mers to star gener¬ 
ator, neutrals con¬ 
nected. 2164 

two banks, star sec¬ 
ondary, neutral 

grounded. 2163 

sine wave, shape of flux wave *2160 

wave analysis, 3rd and 5th har¬ 
monics. 2172 

fundamental 
component. . .. 2171 

form. 2158 

windings, capacity localized, abrupt wave front, 

mathematical investigation. 2225 

consecutive voltage changes, effect. 2203 

effect of abrupt e. m. f.. 2202 

high frequency, effect on core. 2225 

inductance and capacity, concentrated, 

dangerous frequencies. 2220 

inductanee and capacity, concentrated, 

dangerous frequency, effect.. 2218 

inductance and capacity, concentrated, 

impulse wave, effect. . .. 2212 

inductance and capacity, concentrated, 

normal frequency and voltage effect.. . . 2221 

inductanee and capacity, concentrated, 

voltage gradient. 2216 

inductance and capacity, concentrated, 

voltage gradient, varying frequency.... 2219 
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Transformer windings ( continued) 

inductance and capacity, uniform distri¬ 
bution, abrupt e.m.f., effect. 2204 

inductance and capacity, uniform distri¬ 
bution, frequency, effect. 2205 

inductance and capacity, uniform distri¬ 
bution, voltage rise. 2207 

voltage rises, effect of internal losses ....’] 2236 

Transformers, current, calibration, artificial loading. 1612 

diagram of 

connections 1613 
mutual inductance method.. . . 1599 

mutual inductance method, ad¬ 
vantages. 1600 

mutual inductance method, ap¬ 
paratus wiring diagram. 1606 

mutual inductance method, ar¬ 
rangement of apparatus. 1605 

mutual inductance method, dia¬ 
gram.... 1602 

mutual inductance method, 
third harmonic objection.. . 1623 

mutual inductances, calcula¬ 
tion, equation. 1604 

mutual inductances, design of. 1601 
standard transformer method. 1624 
synchronizing motor contac- 

, , tor . 1625 

phase angle. 1585 

correction angles. 1621 

determination, 3-phase genera¬ 
tor method. 1594 

determination, 3-phase genera¬ 
tor method, test results. 1596 

determination, 3-phase genera¬ 
tor method wiring diagram 1595 
determination, Drysdale po¬ 
tentiometer method. 1597 

wattmeter method, constants 

unknown. 1592 

wattmeter method, equation, 
inductance and capacity in 

circuit. 1593 

wattmeter method, equations 1587 
wattmeter method, magnitude 

of'inductance error.. 1589 

wattmeter method, test results 

tabulated. 1591 

wattmeter method, vector dia¬ 
grams.'. 1588 

wattmeter method, wiring dia¬ 
grams.1586, 1587 

wattmeter phase angle error... 1622 

ratio and phase angle, mutual inductance 

vs. shunt method...... 1618 

displacement determina¬ 
tion, mutual inductance 

method. 1609 

displacement, mutual in- 
■ ductance method, equa¬ 
tions. 1610 

testing, varying wave form supply. 1619 ' 
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Traimh amers = a*ntinut'r !) 

tnugm-i bang currents, 3-phase systems, third-har¬ 
monic distribution, analysis 2175 
banks with different charac¬ 
teristics, result. 2174 

distortion causes. 2181 

even harmonies, presence.... 2192 

harmonics, star-star connec¬ 
tion, use of tertiary delta. 2180 
parallel operation, two and three-phase systems, 

delta rro:.- connections *..*.. 2141 

star connections, cautions to he observed. 2190 

even harmonies, presence of. 2184- 

typical wave form 2185 
one-half harmonics, presence of... 2187 

reversing legs. 2187 

transmission phenomena. 2188 

Tallulah Falls development. 2419 

tertiary delta winding, size. 2194 

voltages., ahnonnaT .. 2197 

internal insulation. 2198 

windings, inductance and capacity..... 2199 

1 rair.leaf vujtages, effect on dielectrics (See Dielectrics, transient 
volt ages! 

l iasiMiii'.’-toii line, foundations and towers, Toronto Power Co... 1282 

high ton: ion, arc extinguishers, Penn. W. & P. 

(Vo.. 1200 

“birds on the line,” Penn. W. & 

P. Co,... 1257 

blowing of wires, Penn. W.& P. 

Co,.,. 1258 

calculated load, Penn. W. & P. Co. 1244 
held destroying and restoring 

device, Perm, W. & P. Co. ,1292 

fuses, Penn. W. Si P. Co . 1201 

insulators,deterioration, Penn. W. 

& P. Co.. ... 1249 


drying out, Penn. W. 

& P. Co... 1254 

Hash-overs, character 
of, Penn, W. & P. Co. 1248 

Hash-overs, Penn. W. 

JS V. Co...... ....... 1247 

graded, potential dis¬ 
tribution ... 1299 

hot and cold water test 

Penn. W. & P. Co... 1258 

loss in and out of service 1297 
mechanical vibration, 

effect;... 1297 

Penn. W. Si P. Co. 1245 

pun et u re vol tage, 
plotted, Penn. W. & 
p, Co.. 1251 

temperature effects.. . . 1270 

uneraeked, failures, 

Penn. W. Si P. Co.. . 1252 

interlocking line-relay, Penn. W. 

& P. Co.... 1258 

operating experiences, Penn, W. 

& P. Co. 1242 

record, Penn, W. & P. 

Qq „,. 124 9 
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Transmission line, high-tension ( continued ) 

sleet, Penn. W. P. & Co. 1256 

towers, Penn. W. & P. Co. 1243 

towers, Alabama Power Co. 1221 

anchors, horizontal load. 1216 

requirements. 1219 

steel. 1213 

tests, report. 1215 

various types, advantages.... 1217 

vertical load. 1214 

angle type, Toronto Power Co. 1236 

costs, Alabama Power Co. 1226 

desi § n .1271 

erection. 1209 

erection diagram, Alabama Power Co.. 1224 

footing, Alabama Power Co. 1223 

footings, cost. 1230 

foundation plans, Toronto Power Co. . *. 1239 

foundations and erection. 1201 

character of soil. 1229 

concrete mushroom type. . 1203 

concreting. 1206 

digging holes. 1204 

lifting tests. 1201 

steel single leg stub. 1204 

tripod type. 1202 

uplift and applied pull, 

relation. 1266 

upward movement. 1264 

galvanizing vs. painting. 1231 

guy anchors. 1238 

location, Toronto Power Co. 1235 

rock-bolts.’ 1241 

rock footing, Alabama Power Co.... . . 1225 

standard, Toronto Power Co. 1234 

strain type, Toronto Power Co. 1237 

test conditions. 1228 

loads, Alabama Power Co. 1222 

town line construction. 1227 

a-c., long-distance, calculation. 2511 

numerical ex¬ 


amples . .2514, 
power lost in line 
charging current compo¬ 
nents, equations. 

leakage conductance, form¬ 
ula . 

solution of differential equa¬ 
tions . 

unloaded line, power con¬ 
sumed.... 

Tallulah Falls development. 

costs 

towers, Tallulah Falls development. 

star-star transformer connections, cautions to be 

observed. 

star transformer connections, phenomena. 

system, Southern Power Co. 

systems, abnormal voltages, elimination ofi trans¬ 
former method. 

grounded neutral.' * ‘ ’ 

high-voltage, disturbances, light vs. heavi¬ 
ly loaded.. 


2527 

2517 

2521 
2526 
2512 

2522 

2422 
2426 

2423 

2190’ 

2183 

281 

2233 

2193 

2235 
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Transmission systems, high-voltage ( continued ) 

isolated delta, unreliability... 

Southern California, 2400-18000-volt, inter- 

<* ruption causes. 

Turbines, water, Tallulah Palls development...■ •- ■ 

Two-and three-phase systems, parallel operation, transformers, delta 

cross connections. ..: • i.* * V * * ’ 

Unsymmetrical hysteresis loops. (See Hysteresis Loops, etc.) 

Vant Hoff, fundamental equation. ••••. ... • * * • ■ * 

Voltage regulation, motor capacity, limitations-- . • -. 

Wattmeter, cathode ray tube,_ dielectric loss determination.... 

Wave form, a-c., cyclic variation. 

coherer... 

curve construction. 

discussion of theoretical curves. . 

fifth harmonic conditions. 

incandescent lamp. 

lag and lead. 

• negative temperature coefficient. 
positive temperature coefficient. 

power factor. 

tungsten filament effect. 

vector presentation. 

Welding, arc.%. 

current values. 

West Jersey and Seashore R.R., contact systems. 


2234 

2233 

2413 

2141 

590 

746 

1627 

333 

344 

334 

335 
340 

345 

339 
337 

336 

340 
343 

341 

857 

858 
1517 





















